A LABORATORY INVESTIGATION OF THE
COMPACTION OF DENSE GRADED ASPHALT CONCRETE

By NORMAN W. McLEOD and J. A. McLEAN*
ABSTRACT

This paper reports some of the results that have been obtained from a 3-year
laboratory investigation of the compaction of dense graded asphalt concrete,
that is being carried on by McAsphalt Engineering Services for the Airfield
Section of the Canadian Department of National Defence.

The investigation is studying the influence of three important factors
affecting pavement compaction that can be controlled in the field, compaction
temperatute, compaction effort, and paving mixture design.

Compaction temperatures of 275°F, 200 °F, and 150°F are employed to
study the influence of temperature on compaction, while 100, 60, 20 and 6
blows of a Marshall double compactor provide variable compactive effort.

Paving mixture design includes the variables: normal, gap, and Fuller
gradings; three levels of VMA, 13.5, 15.0 and 16.5 petcent; three levels of air
voids, 2.5, 4.0 and 5.5 percent; aggregate particle index; filler/bitumen ratio;
various grades and sousces of asphalt. cements; and the influence of different
aggregate gradings for the same VMA and air voids values.

The paper demonstrates that degree of compaction is greatly influenced by
the temperature range for compaction, degree of compactive effort, and paving
mixture design, and by means of a mathematical treatment it demonstrates the
influence of each of these three factors quantitatively.

Generally speaking, asphalt paving mixtures with the highest asphalt
contents tend to be most easily compacted.

There is no single temperature at which paving mixture compaction by
rolling or by other means suddenly becomes ineffective.

The VMA of a paving mixture can be increased very easily by deviating the
aggregate grading curve further from the corresponding Fuller curve.

Marshall stability is influenced by the particle index of the aggregate in the
paving mixture, by the VMA of the paving mixture, and by its filler/bitumen
ratio.

Cooling curves based on temperature measurements beginning immediately
after a paving mixture has left the spreader, indicate that the time available for
effective compaction is relatively short.

In addition to hot asphalt mixes, it is shown that a straight line relationship
between compacted density and logarithm of compactive effort in the form of
number of Marshall blows (semi-log plot), exists for many road building
materials such as soil, sand screenings, soil asphalt, soil cement, and cold
asphalt mixtures. Therefore some of the findings of this paper can also be
applied to the compaction of these matetials.
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INTRODUCTION

This paper presents some of the results of a 3-year laboratory investigation of
paving mixture compaction that is being conducted by McAsphalt Engineering
Services for the Airfield Section DCEDE-6, Department of National Defence,

Ottawa, Canada.

Although engineers and contractors have been aware for many years of
differences in the ease or difficulty of compacting asphalt paving mixtures by
rolling during construction, until quite recently this matter appears to have
received very little study. In particular, the influence on paving mixture
compaction of factors that can ordinarily be easily controlled, such as the
temperature range employed for rolling, the rolling effort expended and the
design of the paving mixture itself, do not appear to have been systematically
investigated.

Why should paving engineers be more concerned about the influence of
factors that can make the compaction of paving mixtures to the specified
minimum density more efficient and effective? This is answered very effectively
by Figure 1, which provides the results of a study made by the U.S. Federal
Highway Administration some years ago (1).* Engineers from FHWA went to a
number of paving projects in the vicinity of Washington, D.C., and took
samples from pavements immediately after rolling was completed These
samples were analysed for air voids, and the asphalt binder was extracted and its
penetration at 77°F was determined. These same pavements were sampled each
year for a number of years afterward, the asphalt cement was extracted, and its
penetration at 77°F was measured, Flgure 1 illustrates the results obtained after
a period of only four yeats. The ordinate axis lists penetrations at 77°F of the
asphalt cements after four years as percentages of their cotresponding
penetrations at 77°F immediately after construction. The abscissa indicates the
percentage air voids in each pavement when construction was complete. The
curve in Figure 1 demonstrates that high air voids in a pavement immediately
after construction due to poor compaction by rolling results in rapid hardening
of the asphalt binder. For example, in pavements which due to poor
compaction had air voids of 12 and 14 percent immediately after rolling, the
asphalt cement retained only 40 and 30 percent respectively, of the penetration
at 77°F just after construction. On the other hand, in pavements that had been
adequately compacted to just under 6 percent air voids during construction,
after four years the asphalt cement still retained from 70 to 80 percent of its
penetration immediately after construction. Pavement deterioration increases
with increasing hardness of the asphalt binder, and the FHWA investigators
state in their report that the two pavements with 12 and 14 percent air voids due
to poor compaction were showing signs of deterioration after only two years of
service.

Other studies have reached similar conclusions.

An insidious result of poor compaction is that its influence on pavement
performance does not ordinarily show up until several years after construction in
the form of shortened service life, higher maintenance expenditures, and the
need for an early overlay. Unfortunately, the quite unnecessary high costs for
these items are very seldom traced back to the primary cause, which is very often
poor compaction during construction, although other factors may also
sometimes contribute.

So far, studies of the problem of more effective pavement compaction by
rolling during construction have been on a very limited basis. In 1960 Parker (2)

* Numbers in parenthesis denote references listed on page 406
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investigated the effect of temperature on the density obtained for a single
paving mixture when using a constant compactive effort of a 50-blow Marshall.
In 1965, Heukelom (3) referred to the effect of 5-blow versus 50-blow com-
paction on the density of a paving mixture compacted at a single temperature.
In 1968, Ruiz and Dorfman (4) published the results of a compaction study on
two paving mixtures. They used the slope of the straight line obtained when
paving mixture density is plotted versus the logarithm of number of Marshall
blows on a semi-log chart, as the basis for a compactibility index. The steeper
the slope of this line the greater would be the resistance to compaction. In
1969, Lefebvre and Robertson (5) showed that by using the Ruiz and Dorfman
approach, to paving mixtures with the same ease or difficulty of compaction
could receive different compactibility index ratings, merely because of dif-
ferences in the specific gravities of the paving mixtute components. To avoid
this criticism, Lefebvre and Robertson proposed that paving mixture density
for different compactive efforts should be expressed as percent of density for
50-blow or 75-blow Marshall compaction. In this case, either 50-blow or 75-
blow Marshall would be given a rating of 100 percent of laboratory compacted
density. When percent of laboratory compacted density is plotted versus
logarithm of number of blows on a semi-log chart, a straight line relationship is
obtained. Like Ruiz and Dorfman, Lefebvre and Robertson used the slope of
this line as the criterion for the ease (flatter slope) or difficulty (steeper slope) of
compaction.

In 1970, Fung (6) found that a straight line relationship occurs between
density values for paving mixtures compacted at 280°F versus logarithm of
compactive effort, whether the compactive effort is applied as number of blows
of a Marshall hammer, number of tamps of the Hveem mechanical compactor,
or the differences in static pressure when compaction is being exerted by a
double plunger.

In a preprint of their paper for the 1975 annual meeting of AAPT, Lister
and Powell (7) have shown that a straight line relationship exists between
decrease in air voids (increase in pavement density) and the logarithm of the
number of roller passes made over a paving mixtute during its compaction.

Consequently, the straight line semi-log relationship obtained when
Increase in paving mixcure density is plotted versus the logarithm of increasing
compactive effort, has been amply documented.

SCOPE OF THE
PRESENT INVESTIGATION

Reference to the work of previous investigators shows that in general, each
has concentrated very largely on one phase of the problem of paving mixture
compaction. The present study is very much more comprehensive, and consists
of a laboratory investigation of the influence on paving mixture compaction of
three important variables, temperature, compactive effort, and pavement
design, each of which can be controlled in the field. Control can be exerted over
the range of temperature to be employed for compaction; the amount and
intensity of compactive effort can be prescribed; and the design of the paving
mixture to be used can be selected.

It is recognized that other factors such as layer thickness, deflection
characteristics or solidity of the base on which the pavement layer is being
constructed, temperature of the underlying surface, etc., also influence the
difficulty or ease of compaction, but these are usually outside the control of
those who are actually constructing an asphalt pavement.
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The scope of a major portion of the present investigation is indicated by the
factorial design of Table 1, and includes the following : :

1. The effect of paving mixture temperature on compacuon was determined
by using compaction temperatures of 275°F, 200°F and 150°F.

2. Differences in compactive effort are represented by . differences in the
number of blows of the hammer of a Marshall double compactor that were
applied, 100, 60, 20 and 6. :

3. The effect of paving mixture design was investigated :

(a) to determine the influence of aggregate gradation, normal, gap and
Fuller gradings, were included, Figure 2 and Table 2.

(b) by employing VMA values of 13.5, 15.0 and 16.5 percent for each of
the normal and gap gradings, and by determining VMA values
associated with Fuller grading.

(¢) by employing air voids values of 2.5, 4.0 and 5.5 percent with each
VMA value, and with the fuller grading.

(d) an aggregate particle index of 11.5 was used for all paving mixtures in
Table 1, because in general, this particle index provided paving
mixtures with the minimum Marshall stability of 1500 pounds at
140°F specified by the Airfield Section DCEDE-6.

(e) the filler/bitumen ratio by weight was 0.9 for all mixtures in Table 1,
filler being defined as mineral dust passing a No. 200 sieve.

(f) The consistency of the asphalt cement used with all paving mixtures in
Table 1 was 150/200 penetration that was generously supplied by the
Montreal Refinety of Imperial Oil Limited, and for which inspection
data are listed in Table 7.

The paving mixtures of Table 1 were employed for Phase 1 of this
investigation. In Phase 2, the influence of other variables are being investigated
such as different aggregate particle indices, asphalt cements of other
penetrations at 77°F, other filler/bitumen ratios, and various gradations for any
given particle index value.

While the influence of wide variations in aggregate gradation has not been a
direct variable in this investigation, it has been included indirectly because for
any given particle index, changes in VMA can be obtained only by differences in
aggregate gradation.

Asphalt content has not been a direct variable, but has been included in-
directly since for any given VMA value, differences, in air voids values result
very largely from differences in asphalt content.

Unless specifically stated to be otherwise, all paving mixtures referred to in
this paper were made with aggregates having a particle index of 11.5, a
filler/bitumen ratio of 0.9 by weight, and 150/200 penetration asphalt cement
having a viscosity at 275°F of about 260 centistokes.

For this paper, VMA is based on the aggregate’s ASTM bulk specific gravity,
and air voids are determined from the bulk and theoretical maximum specific
gravities of each of the paving mixtures. For practical reasons, VMA and air
voids values within = 0.2 percent of the target value were accepted. For example
if the target VMA value was 15 percent, any value between 14.8 and 15.2
percent was considered to be on target.
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TEST PROCEDURES

Each of the 21 paving mixtures listed in Tables 1 and 2 was designed to have
a particle index of 11.5. The particle index test for aggregates, ASTM D3398,
was developed by Professor E. Y. Huang (11, 12) to provide a measute of the
influence of differences in aggregate particle shape and surface texture. A low
particle index of 7 or 8 or less indicates rounded aggregate particles with rela-
tively smooth surfaces. A high particle index of 15 or 16 or more is associated
with angular particles with rough textured surfaces. The particle index test
consists of compacting three layers of a single aggregate size, for example, 4 to
8, 30 to 50, etc. seive size, in a steel mold 6 inches in diameter by 7 inches high,
with 10 blows on each layer provided by a 2 inch drop of a 5/8 inch steel rod 24
inches long, and repeating the test with 50 blows on each of the three layers.
The voids for 10-blow and 50-blow compaction are determined, and from these
values the particle index value for that aggregate size is read from a nomograph.

A constant aggregate particle index of 11.5 was employed in Phase 1 of the
investigation to avoid uncertainties that would otherwise be introduced
concerning the effect of differences in particle shape and surface texture
whenever the grading of an aggregate was changed.

Figure 3 demonstrates that the resulting particle index can be calculated on
the basis of simple proportions when two aggregates of the same size fraction
but with different particle indices ate blended. Consequently, by blending the
same size fractions from two aggregates with particle indices, one below and one
higher than the particle index desited, any particle index between them, for
example 11.5 can be easily obtained.

For each of the 21 paving mixtures referred to in Table 1, each size fraction
employed, 1/2 to 3/8, 3/8 to No. 4, 4 t0 8, 8 to 16, 16 to 30, 30 to 50, 50 to
100, and 100 to 200, was prepared to have a particle index of 11.5, and each of
these size fractions was weighed out separately for each Marshall briquette that
was made. The mineral dust fraction (passing No. 200) for each mix came from
the screenings from a gravel crushing operation. Sieve analysis and asphalt
content for each of the 21 paving mixtures are given in Table 2.

The design for each of the 21 paving mixtures referred to in Tables 1 and 2
was based on 60-blow compaction at 275°F, in accordance with ASTM D1559
except that a Marshall double compactor was employed in place of hand
compaction. After its design was worked out, Marshall briquettes for each of
these 21 paving mixtures were prepared in triplicate for each compaction
temperature 275°F, 200°F, and 150°F, and for each compaction effort, 100,
60, 20 and 6 blows, indicated in Table 1. The average bulk specific gravity and
average Marshall stability for each set of conditions were measured, and these
values are listed in Tables 3 and 4. This involved the testing of 11 duplicates of
each of the original 21 paving mixture designs, or a total of 252 paving
mixtures. The order in which these 252 paving mixtures were prepared and
tested was randomized, since a statistically designed experiment requires
factorial design and randomization of the order in which tests are performed.

In Table 4, specific gravity and Marshall stability data for each paving
mixture at compaction temperatures of 275°F, 200°F, and 150°F and for
compactive efforts of 100, 60, 20 and 6 blows Marshall, as listed in Table 3,
have been expressed as corresponding percent of specific gravity or Marshall
stability for 60-blow Marshall at 275°F.
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DISCUSSION OF TEST DATA
1. General

When analyzing the data obtained from this investigation, least squares
lines were drawn through the raw data for specific gravity versus logarithm of
number of blows and through logarithm or raw Marshall stability data versus
logarithm of number of blows. The data plotted for the various figures for this
paper were taken from these least squares lines. This will explain the very good
agreement between the points and the smooth lines drawn through them that
will be observed in each of the figures.

Dr. J. C. Young of the Statistics Section of the Mathematics Department at
the University of Waterloo advises that the correlation coefficient for the least
squares line drawn through the plot of raw specific gravity data versus logarithm
of number of blows shown in Table 3 is 0.98, and that the correlation
coefficient for the least squares line drawn through the logarithm of the raw
Marshall stability data versus logarithm of number of blows listed in Table 3 is
0.97. These correlation coefficients indicate excellent agreement between the
actual raw data, and the least squares lines drawn through the data.

2. Influence of Compactive Effort and Compaction Temperature on Paving
Mixture Compaction.

Figure 4 is a plot of percent of laboratory compacted specific gravity versus
the logarithm of the compactive effort in the form of Marshall blows that have
been applied. Figure 4 illustrates the influences of compactive effort and
compaction temperature on the ease or difficulty of compacting paving mix-
tures. The lines in Figure 4 are the least squares lines through the pertinent
specific gravity data in Table 4 for the 21 paving mixtures of Table 1. As would
be expected, Figure 4 demonstrates that both temperature at the time of
compaction and compactive effort have a great influence on the percent of
laboratory compacted specific gravity that can be attained. Figure 4 also
illustrates the compaction requirement of 97 percent of laboratory compacted
specific gravity that many specifications stipulate.

Figure 5 demonstrates that for the 21 paving mixtures in Table 1, for the
same compaction temperature of 275°F, those with 2.5 percent air voids have the
flattest slope and are therefore most easily compacted. These are followed in
order of increasing difficulty of compaction by paving mixtures with 4.0 and 5.5
percent air voids. Figure 5 also indicates that the average asphalt contents for
mixes with 2.5, 4.0 and 5.5 percent air voids are 5.9, 5.3 and 4.7 percent
respectively. Throughout the analysis of data from this investigation it has been
apparent that when other conditions are equal, the higher the asphalt content
of a paving mixture the greater is its ease of compaction.

In Figures 6 and 7, the data of Figure 4 has been plotted on arithmetic charts
which may be more easily understood. Figure 6 is a plot of percent laboratory
compacted specific gravity versus compaction temperature. While Figure 7 is a
graph of percent laboratory compacted specified gravity versus compacted
effort. The following comments can be made on Figures 6 and 7:

1. Contrary to some published statements that have been made, there is no
single paving mixture temperature such as 175°F or 200°F where
compactive effort suddenly becomes ineffective.

2. The lower the compaction temperature, the greater is the compactive effort
required to attain a specified percentage of laboratory compacted specific
gravity. For example, 19 blows provide 97 percent of laboratory compacted
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density at a paving mixture temperature of 275°F, where 29 and 48 blows
are needed to obtain the same density at temperatures of 200°F and 150°F,
respectively.

3. Consequently, the least compactive effort is required to satisfy the
pavement density specified, if the paving mixture is compacted as quickly as
possible at the high temperatures that prevail just after it has left the
spreader.

4. Figure 6 demonstrates that for any given compaction temperature the
difficulty of compaction increases as the paving mixture density is increased.
For example, at a compaction temperature of 275°F, the 14 blows between
6-blow and 20-blow compaction increases pavement density from 93.8 to
97.2 percent = 3.4 percent; from 20 blows to 40 blows, the increase in
pavement density is from 97.2 to 98.9 percent = 1.7 percent, while from
40 blows to 60 blows the increase in pavement density 1s only from 98.9 to
100.0 petcent = 1.1 percent.

Remembering that the steeper the slope of the line the more difficult a
paving mixture is to compact, Figute 8 demonstrates that at each compaction
temperature of 275°F, 200°F and 150°F, paving mixtures with Fuller gradings
are more difficult to compact than those with normal gradings. Figure 8
indicates that the average asphalt content for paving mixtures with normal
gradings was 5.4 percent while the average asphalt content for paving mixtures
with Fuller gradings was only 3.9 percent. This is another example of a finding
referred to earlier, that when other conditions remain the same, the higher the
asphalt content of a paving mixture the greater is the ease of compaction.
Therefore, it is not posible to state at present how much of the greater difficulty
of compacting Fuller graded paving mixtures is due to the Fuller grading, and
how much is due to the lower asphalt content of these paving mixtures.

Gap graded and normal graded paving mixtures of the same design had
approximately the same compaction characteristics and Marshall stabilities for
any given compaction temperature and compaction effort. Therefore, this paper
concentrates on data for normally graded and Fuller graded paving mixtures.

3. Influence of Aggregate Particle Index on a Paving Mixture.

Figure 9 illustrates the influence that the particle index of the aggregate has
on the Marshall stability of paving mixtures that have been compacted at 280°F.
For a portion of Phase 2 of this investigation, 150/200 penetration asphalt
provided through the courtesy of Husky Oil Operations Ltd., Lloydminster,
Saskatchewan, was employed. For the standard compaction viscosity of 280
centistokes, ASTM D1559, a compaction temperatute of 280°F was required
when this asphalt cement was used. Inspection data for this asphalt cement are
listed in Table 7.

Each of the three paving mixtures referred to in Figure 9, was designed to
have a VMA value of 15 percent and an air voids value of 4 percent. Figure 9
demonstrates that at 100 percent of laboratory compacted density, the paving
mixtutes with particle indices of 15.0, 11.5 and 8.0 have Marshall stabilities of
3050, 1675, and 880 pounds, respectively.

On the other hand, Figure 10 demonstrates that the paving mixture
containing an aggregate with a particle index of 15 would have the greatest
resistance to compaction, while the mixture made with aggregate with a particle
index of 8 would be most easily compacted. Nevertheless, for any given
compactive effort, for example 20-blow Marshall, the following table shows that
in spite of its greater resistance to compaction, as illustrated in Figure 10, and its
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lower percent of laboratory compacted specific gravity, the paving mixture with
the highest particle index would still have the highest Marshall stability.

Particle Index % Lab. Comp. Spec. Grav. Marshall Stability
' for 20-blow Marshall

15.0 96.15 1275 1b.

11.5 97.10 725 1b.
8.0 97.90 410 1b.

4. Influence of Different Particle Indices for Coarse and Fine Aggregate
Fractions.

For all of the data recorded in Tables 3 and 4, with the particle index of each
size fraction was 11.5, and the overall particle index for the aggregate as a whole
in each paving mixture was therefore also 11.5. However, in the field, it is not
uncommon to combine a crushed highly angular coarse aggregate having a high
particle index, with a natural sand having a much lower particle index, and vice
versa. Figure 11 illustrates the effect on Marshall stability of a paving mixture by
combining a coarse aggregate with a particle index of 15 with a fine aggregate
with a particle index of 8, by combining a coarse aggregate with a particle index
of 8 with a fine aggregate with a particle index of 15, and by combining a coarse
aggregate with a particle index of 11.5 with a fine aggregate having a particle
index of 11.5. In each of these three cases, the coarse and fine aggregates were
blended in proportions that would result in an overall aggregate particle index
of 11.5. Each of the three paving mixtutes was designed to have a VMA value of
15.0 percent, and an air voids value of 4.0 percent.

Figure 11 demonstrates that insofar as Marshall stability is concerned, the
highest stability is provided by the paving mixture containing the aggregate
blend consisting of coarse aggregate with a particle index of 8.0 with fine
aggregate showing a particle index of 15.0. The lowest Marshall stability occurs
for the paving mixture made with an aggregate blend consisting of a coarse
aggregate with a particle index of 15.0 and a fine aggregate with a particle index
of 8.0. The following table indicates the Marshall stabilities for paving mixtures
containing each of these three aggregate blends at 97 percent and at 100 per-
cent of laboratory compacted Specific Gravity.

Aggregate Blend Marshall Stability
97% Comp.  100% Comp.
Coarse P1 = 8.0, Fine P1 = 15.0 1160 Ib. 22501b.
Coarse P1 = 11.5, Fine P1 = 11.5 715 1b. 1675 1b.
Coarse P1 = 15.0, Fine P1 = 8.0 610 1b. 1550 Ib.

Figure 11, therefore, indicates very effectively that the particle index of the fine
aggregate has a much greater influence on the Marshall stability of an asphalt
paving mixture than the particle index of the coarse aggregate.

With regard ot ease or difficulty of compaction, the plot of specific gravity
versus logarithm of number of blows for the three paving mixtures of Figure 11,
is quite similar to Figure 10, with the combination of coarse aggregate with a P1
of 8 and fine aggregate with a P1 of 15 having the steepest slope and being the
most difficult to compact, followed in tutn by the combination of both coarse
and fine aggregate with a P1 of 11.5, and by the combination of coarse
aggregate with a P1 of 15 and fine aggregate with a P1 of 8, the last of these
having the flattest slope and therefore being the easiest to compact.
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5. Marshall Stability Versus Density Changes due to Changes in Either
Compactive Effort or Compaction Temperature.

Figure 12 demonstrates that when plotting Marshall stability versus paving
mixture specific gravity, a single curve results whether the specific gravity
changes are due to changes in compactive effort or to changes in compaction
temperature. This is probably to be expected, since a change in the specific
gravity of a paving mixture can result from a change in either compaction
temperature or compactive effort, as Figure 4 clearly indicates.

6. Increase VMA by Deviation Away From Corresponding Fuller Grading
Curve.

Figures 13 and 14 demonstrate very clearly that to obtain paving mixtures
with higher and higher VMA values it is necessaty to blend coarse and fine
aggregates in proportions that result in grading curves that have been made to
deliberately deviate farther and farther from the cotresponding Fuller curve,
when the air voids value and aggregate particle index remain constant, in this
case at4 percentand 11.5, respectively. Figures 13 and 14 show that this can be
achieved in at least two ways. In Figure 13, the grading curves for VMA values of
13.5,15.0and 16.5 percent lie farther and Farther to the left of the corresponding
Fuller curve which has a VMA value of only 11.3 percent, and represent what
have been termed ‘‘normal”’ mixes in this investigation. This has happened
without exception for the 21 paving mixtures listed in Table 1. In Figure 14,
part of the fine aggregate portion of each of the grading curves for VMA values
of 13.5, 15.0 and 16.5 percent lies below the corresponding Fuller grading
curve, to provide what is referred to as *‘Odd Grading,”’ because this is the only
time that this form of grading has been used in this investigation. Figures 13
and 14 demonstrate therefore, that VMA values of13.5, 15.0 and 16.5 percent
can be obtained by keeping the fine aggregate portion either to the left and
above the cotresponding Fuller cutve, or partly below this Fuller curve.

Table 5 lists the sieve analysis, asphalt contents and other pertinent data for
each of the paving mixtures illustrated in Figures 13 and 14, and Table 6
contains the specific gravity and Marshall stability datd obtained for each
mixture. All paving mixtures were compacted at 275°F. For each pair of VMA
values listed in Table 5, it should be noted that the quantity of coatse aggregate
retained on the No. 4 sieve is the same, for example, 35 percent is retained on
the No. 4 sieve for 15 percent VMA for both normal and odd gradings. The
particle index employed for both sets of mixes was 11.5. However, because of
the low percent passing No. 200, the filler/bitumen ratio was 0.4 for the odd
grading illustrated in Figure 14 but was 0.9 for those of normal grading
illustrated in Figure 13.

For comparative purposes, the spec1f1c gravity data from Table 6 have been
plotted on Figure 15, and the Marshall stability data on Figure 16.

Figure 15 indicates that in general, the “‘odd”’ paving mixtures of Figure 14
are somewhat more difficult to compact (steeper slope) than the corresponding
“normal’’ mixes from Figure 13. From Figure 8, this might be expected since
the paving mixtures of Figure 14 are coser to the corresponding Fuller cutve
than those of Figure 13.

Figure 16 demonstrates that the Marshall stability values for the ““odd”
paving mixtures in Figure 14 tend to be somewhat less than those for
corresponding ‘‘normal’’ mixes in Figure 13, particularly for paving mixtures
that have been compacted to less than 100 percent of laboratory compacted
density.
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Consequently, both from Marshall stability and ease of compaction
viewpoints, each ‘‘normal’”’ paving mixture of Figure 13, 1s somewhat superior
to its cotresponding ‘‘odd’” paving mixture in Figure 14.

The VMA value of a paving mixture is important because the VMA provides
the only void space between the aggregate particles in a compacted paving
mixture that is available to hold the volume of asphalt binder needed for a
durable pavement plus the minimum volume of air voids that are required to
avoid pavement flushing or bleeding. If the VMA value is too low, either the
asphalt binder or the air voids or both are deficient.

Figure 17 is an Asphalt Institute chart that indicates minimum VMA values
for paving mixtures made with aggregates having various nominal maximum
particle sizes. For the ¥ inch nominal maximum particle size employed for the
paving mixtures of Table 1, Figure 17 indicates that the minimum VMA should
be 15 percent.

A well designed and properly constructed asphalt pavement should have a
service life of at least 20 years under normal heavy traffic.

As a result of a survey reported in 1971 by the US Federal Highway
Administration, it was concluded that the average life expectancy of asphalt
concrete pavement on highways in the United States, is only 15.0 years (8).

A study made sometime ago by Krchma, an outstanding asphalt authority
in the USA, indicated that one-half the expected service life of an asphalt
pavement can be lost if its asphalt content is only one-half percent less than the
optimum normally required (9, 10).

Some years ago, one of the authors of this paper drove by car from Toronto
to San Francisco and back to attend a technical meeting. He travelled to San
Francisco by major highways across the Middle of the United Sates and returned
via the southern U.S.A. Throughout this trip, he was primarily interested in the
performance of asphalt pavements. He had driven all the way to San Francisco
and part way back before he encountered the first section of hot-mix asphalt
that was flushing or bleeding.

For pavement construction in Canada, governments of the provinces
normally purchase the asphalt cement and furnish it to paving contractors.
Consequently, it is not an item of expense to the contractor, who adds asphalt
cement to the paving mixture as directed, and several years ago particularly, one
did not have to drive very far before seeing a section of flushed or bleeding
pavement.

In the USA, quite contrary to Canadian practice, it is common procedure for
contractors to purchase the asphalt cement they use. Asphalt cement has always
cost from ten to twenty times or more per pound than the aggregate in a paving
mixture. Because of its high cost, contractors would quite naturally not use any
mote asphalt in a paving mixture than required, and pavements would there-
fore tend to be underasphalted rather than overasphalted.

The observed absence of pavement flushing or bleeding on the trip to San
Francisco by one of the authors, the fact that in general, contractors in the USA
purchase the asphalt cement they use, and Krchma’s finding that reducing the
asphalt content of a paving mixture one-half percent below the optimum could
shorten a pavement’s service life by one-half, would appear to fit together and
explain the short average asphalt pavement service life in the USA of only 15
years that was reported by the Federal Highway Administration.

To provide paving mixtures that will have enough room between the
aggregate particles after thorough compaction, for the volume of asphalt

386

© Canadian Technical Asphalt Association 1974



needed for durability, plus the volume of air void space required to avoid
flushing or bleeding, the minimum VMA requirements of Figure 17 must be
satisfied. Consequently, any engineer who deliberately reduces the VMA of a
paving mixture in order to dectease the quantity of asphalt required, may save
on original pavement cost, but eventually very much more than this so-called
saving will be paid out in the form of greatly increased pavement maintenance,
shortened service life, and asphalt concrete overlays.

Figure 13 demonstrates that a very simple method for obtaining a VMA
value of 15 percent or more, is by a pronounced bulge in the fine aggregate
portion of the grading curve. Furthermore, it should be emphasized that the
VMA requirements of Figure 17 are based on the ASTM bulk specific gravity of
the aggregate.

Figure 18 illustrates Ontario’s grading band for surface course paving
mixtures. Because of the bulge it contains in the fine aggregate portion, the
shape of this grading band makes it relatively easy to satsty the VMA
requirements of Figure 17. However, based on the present investigation, the
broken line additions to the grading band indicate how this could be further
facilitated.

For many years, one of the authors of this paper has used the principle of
deviating farther from the cortesponding Fuller curve to obtain increased VMA
values for paving mixture designs.

7. Influences of Differences in Percent of Coarse Aggregate.

At the No. 4 seive, cutrent ASTM tolerances permit a range of +£7 percent
from the grading curve representing the job mix formula for a paving mixture.
Therefore, the influence of a range of +10 percent at the No. 4 sieve was
investigated for the normal paving mixture illustrated in Figure 19, which had
35 petrcent passing the No. 4 sieve. For the three paving mixtures referred to in
Figure 19, each had a VMA value of 15 percent, an air voids content of 4
percent, and each aggregate had a particle index of 11.5. As might be expected,
the grading curve for the paving mixture with the highest content of coarse
aggregate, 45 percent retained on No. 4, also had the largest bulge in the fine
aggregate portion of the grading curve in order to achieve a VMA value of 15
percent.

Figure 20 demonstrates that there was very little difference between the
Marshall stability values for the three paving mixtures with the gradings
illustrated in Figure 19. This would seem to imply that provided specified
particle index, VMA, and air voids restrictions are maintained, substantial
differences in gradation can be tolerated without significant effect on Marshall
stability.

The difference in ease or difficulty of compacting these three paving
mixtures was also small.

8. Fora Constant VMA Value Marshall Stability is Unaffected By Differences In
Air Voids.

Figure 21 demonstrates that when the VMA value of a paving mixture is
held constant, the Marshall stability is not affected significantly by changes in
the air voids values of 2.5, 4.0 and 5.5 percent. The VMA value employed for
Figure 21 was 16.5 percent, but similar charts are obtained when corresponding
data are plotted for paving mixtures with other VMA values. Figure 21 shows
that this holds true even though the asphalt contents for the mixes with 2.5, 4.0
and 5.5 percent air voids range from 6.7 to 6.2 to 5.7 percent, respectively.
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While Figure 21 shows that for a constant VMA value, Marshall stability is not
affected by changes in air voids, Figure 22 indicates that for a compaction
temperature of 275°F, for the same paving mixtures, the mixture with 2.5
percent air voids is most easily compacted, while the paving mixture with 5.5
percent air voids is the most difficult to compact. This is in agreement with
Figures 5 and 8 which show that paving mixtures with the highest asphalt
contents are most easily compacted.

9. Fora Constant Air Voids Vidue Marshall Stability Increases With a Decrease
in VMA Value.

Figure 23 illustrates that when the air voids value remains constant, the
Marshall stability values for a paving mixture increase as the VMA value of the
paving mixture is decreased. In Figure 23, for any given percent of the
laboratory compacted specific gravity, the highest Marshall stability results from
Fuller grading for which the VMA of the paving mixture is only 11.4 percent,
and the Marshall stability decreases in order as the VMA value of the paving
mixture is increased from 13.5 to 15.0 to 16.5 percent.

There is a wide difference in ease or difficulty of compacting the four paving
mixtures illustrated in Figure 23, with the Fuller grading being the most
difficult to compact, followed in order by the paving mixtures with 13.5, 15.0
and 16.5 percent VMA.

10. Influence of Grade and Source of Asphalt Cement.

Figure 24 illustrates the influence of grade and source of asphalt cement on
Marshall stability of a given paving mixture for a wide range of compactive
effort. The four asphalt cements being compared were 150/200 penetration
furnished by Husky Oil, Lloydminster, 150/200 penetration from Imperial
Oil’s Winnipeg Refinery 'and 85/100 and 300/400 penetration from Imperial
Oil’s refinery at Montreal, Table 7.

All mixes were designed to have the same asphalt content of 5.5 percent by
weight, a VMA value of 15 percent, and an air voids value of 4 percent. The
same aggregate gradation and a particle index of 11.5 were employed for all
mixes.

As shown by Figure 24, the mix containing 85/100 penetration asphalt
cement had the highest Marshall stability for all compactive efforts. Although
substantially less, mixes made with Lloydminster and Winnipeg 150/200
penetration, and with Montreal 300/400 penetration differed very little in
Marshall stability for any compactive effort. ~

There was very little difference in the ease or difficulty of compacting these
paving mixtures at their compaction temperatures. This should not be
unexpected since the asphalt content of each paving mixture was the same, and
because each mix was compacted at the temperature at which its asphalt cement
had a viscosity of approximately 280 centistokes as required by ASTM D1559.

11. Influence of Percent Passing No. 200 Sieve.

The filler/bitumen ratio for all mixes in Table 1 was 0.9 by weight. As
shown by Table 2, this restricted the percent passing the No. 200 sieve in each
mix to a single value. Because the mineral dust passing a No. 200 sieve in
paving mixtures in the field can range quite widely, for Phase 2 of this
investigation, for two paving mixtures from Table 1, Mix No. 5 and Mix No.
20, the influence of 2 percent and of 8 percent of mineral filler passing No. 200

seive was also studied.
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As shown by Figure 25, for Mix No. 20, the Fuller grading was maintained
down to the No. 100 sieve, but the mixes for 2.0, 3.65 and 8.0 percent passing
No. 200 were designed for 4.0 percent air voids.

_ Figure 26 demonstrates that as expected, the Marshall stabilities of the mixes
with the gradings illustrated in Figure 25, increase quite substantially with an
increase in percent passing the No. 200 sieve.

Figure 27, on the other hand, illustrates no increase in Marshall stability as
the percent passing No. 200 sieve increases from 2.0 to 5.14 and to 8 percent.

This is explained by the grading curves for Mix No. 5 illustrated in Figure
28. In every case, the grading curves of Figure 28 provide paving mixtures with
15 percent VMA and 4 percent ait voids. Figure 27 indicates that the Marshall
stabilities of mixes with the three aggregate gradings of Figure 28 are the same,
because the increasing bulge in the fine aggregate portion of the mixes
containing 5.14 and 8.0 percent passing No. 200, reduces the Marshall stability
by the same amount that it is increased by the increasing percent passing the
No. 200 sieve.

Consequently, when designing paving mixtures for constant values of VMA
and air voids, the Marshall stability will be increased by an increase in percent
passing the No. 200 sieve, only if this stability increase is greater than the loss in
Marshll stability that is occasioned by the larger bulge in the fine aggregate
portion of the grading curve that is required to maintain the VMA value
specified.

12. The Mathematics of Effwcent and Effective Compaction of Asphalt

Concrete.
(a) General

Evidence from this investigation and from other sources (2, 3, 4, 5, 6and 7)
support the conclusion that for any given compaction temperature, a straight
line relationship exists when percent of laboratory compacted specific gravity or
density is plotted versus the logarithm of the compactive effort that is exerted.
Figures 4, 5, 8 and 22 demonstrate that these straight lines have different
locations and slopes for different paving mixtures and for different compaction
temperatures.

As illustrated by Figure 29, the general equation for any one of these
straight line relationships is

D =mlogB + ¢ (1)

where
D = percent of laboratory compacted specific gravity or density
B

= number of Marshall blows (or other units of compactive

effort).
= The slope of the straight line relationship

= the intercept made by the straight line with a
compactive effort of 1 blow.

o 3
i

The compaction line for an average ‘‘normal mix”’ from Table 4, and for a
compaction temperature of 275°F has been reproduced in Figure 29. The slope
m for this line can be easily calculated.

Let Dm be the percent of laboratory compacted specific gravity for 1 blow,
89.00 percent, and let Dn be the percent of laboratory compacted specific
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gravity for 100 blows, 101.38 percent. (These specific gravity values for Dm and
Dn can be read from the line in Figure 29 by visual inspection).

Then to evaluate m, the slope of the compaction line:

Dn-Dm = 101.38-89.00 = (mlog 100 + ¢)~(mlog 1 + ¢) = 2m
2m = 12.38
m= 6.19

The value of the intercept or constant ¢ in Equation (1) can be quickly eval-
uated. From Figure 29, if B = 1 blow, D = 89.00

Substituting these values in Equation (1)
89.00 = mlog1 + ¢
from which ¢ = 89.00

After the constants ¢ and m have been evaluated for any compaction line,
which as illustrated by Figures 30 and 31 can change either with paving mixture
design or with paving mixture temperature, or with both, either the percent of
laboratory compacted specific gravity D, or the number of Marshall blows B, or
similar units of compactive effort, can 'be quickly evaluated by Equation (1)
when the other is known. For example for the compaction line in Figure 29,
what percent of laboratory compacted specific gravity corresponds to 50-blow
Marshall and how many Marshall blows correspond to 99 percent of laboratory
compacted specific gravity?

For the first:
D = 6.191log 50 + 89.00 = (6.19)(1.69897) + 89.00
10.52 + 89.00 = 99.52 percent
For the second :
99.00 = 6.19 log B + 89.00
from which :
logB = 99.00-89.00 = 10.00 = 1.61551
6.19 6.19
and:
B = 41.26 blows

Suppose that the first pass of the roller increases the density of the paving
mixture illustrated by the compaction line in Figure 29 by 2 percent, that is
from 89.00 to 91.00 percent giving Dm = 89.00 and Dn = 91.00.

Then
Dn-Dm = 91.00-89.00 = 2.00 = (mlog Bn + ¢)-(mlog Bm + ¢)
from which
logBn = 2 =0.32310

Bm .19
and Bn = 2.11 (to two decimal places)

Bm :

Therefore, if Bm = 1 blow Marshall, Bn = 2.11 blows Marshall, that is if the
density Dm was 89.00 percent for Bm = 1 blow Marshall, and if the first roller
pass increased the pavement density to Dn = 91.00 petcent, the corresponding
total number of Marshall blows required would be Bn = 2.11 blows.
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Consequently, for this particular roller, the compactive effort provided by each
roller pass is equivalent to 2.11-1.00 = 1.11 blows Marshall, since the paving
mixture had already been compacted by 1 blow Marshall before the first roller
pass was applied.

To increase the density of the paving mixture by another 2 percent, that is
from Dm = 91.00 to Dn = 93.00 percent:

Dn-Dm = 93.00-91.00 = 2.00 = (mlog Bn + ¢)-(mlog Bm + ¢)

from which

LogBn = 2.00 = 0.32310

Bm  6.19
and

Bn = 2.11

Bm

This time, since Bm cotresponds to 2.11 blows Marshall (for 91.00 percent
laboratory compacted specific gravity), Bn = 2.11 x 2.11 = 4.45 blows or
(2.11)* blows marshall. However, compaction began after 1-blow Marshall had
been applied, so that the blows actually applied are 4.45-1.00 = 3.45. Since
each roller pass is equivalent to 1.11 blows Marshall, the corresponding number
of roller passes required to increase paving mixture density from 91.00 to 93.00
percent = 3.45 = 3.11.

1.11

To increase the paving mixture density by an additional 2 percent, that 1s
fromDm = 93.00to Dn = 95 percent:

Dn-Dm = 95.00-93.00 = 2.00 = (mlog Bn + ¢)-(mlog Bm + )
from which
logBn = 2.00 = 0.32310

Bm 6.19
and

Bn = 211

Bm

This time, because Bm = 4.45 blows Marshall (for 93.00 percent of
laboratory compacted specific gravity), and Bn = 4.45 x 2.11 = (2.11)% or
9.39 blows Marshall. Again since compaction began after 1 blow Marshall had
been applied, the compactive effort actually applied to increase the paving
mixture density from 93.00 to 95.00 percent = 9.39-1.00 = 8.39, and the
corresponding number of roller passes = 8.39 = 7.55.

1.11

Finally to increase the paving mixture density to 97.00 percent of laboratory
compacted specific gravity as called for by many specifications, that is from Dm
= 95.00 to Dn = 97.00 percent

Dn-Dm = 97.00-95.00 = 2.00 = (mlog Bn + ¢)-(mlog Bm + ¢)
from which
logBn = 2.00 = 0.32310

Bm  6.19
and
Bn = 2.11
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© Canadian Technical Asphalt Association 1974



In this case, since Bm = 9.39 blows Marshall, Bn = 9.39 x 2.11 = 19.82
or (2.11)* blows marshall. Again the number of Marshall blows actually applied
= 19.82-1.00 = 18.82, and the corresponding number of roller passes =
18.82 = 16.95.

1.11

The total number of Marshall blows required to increase the percent of
laboratory compacted density from 89.00 to 97.00 can also be obtained
indirectly from Equation (1).

97.00 = 6.19logB + 89.00

LOgB = 97.00-89.00 = 8.00 = 1.29241
6.19
B = 19.82 blows.

The number of Marshall blows actually applied = 19.82-1.00 = 18.82 and the

corresponding number of roller passes required = 18.82 = 16.95. However,
1.11

this simple application of Equation (1) does not give the insight into the

mechanism of compaction that is provided by the above step by step solution

which is also illustrated in Figure 29.

The step by step solution that has just been worked out is summarized in the
following table which provides additional usefull data.

Successive Equal Increments Corres- No.of Mar- Corres- No. of Roller Passes
in Paving Mixture ponding No. shall Blows ponding No. for Each Successive
Specific Gravity of Marshall Actually of Roller  Increment in Paving

Blows Applied Passes . Mixture Specific Gravity

¢ @) 3) (4) ©)
(2)-1.00 (3):1.11
89.00 to 91.00 percent 2.11 1.11 1.00 1.00 = 1.00
91.00 to 93.00 percent 4.45 3.45 3.11 2.11=2.11
93.00 to 95.00 percent 9.39 8.39 7.56 4.45 = (2.11)

95.00 to 97.00 percent 19.82 18.82 16.95 9.39 = (2.11)°

The right hand column indicates the following mathematical equation for
providing the number of roller passes required for each of successive equal
increments in paving mixture specific gravity up to the specified compaction
requirement:

Number of roller passes required to attain 97 percent of laboratory compacted

specific gravity = 1 + X + X? + ---X" + [K-1 (1 + X + X?----X")] )
X-1
where:

X = is the ratio of the number of Marshall blows representing
the total compactive effort that had been applied to the
paving mixture at the end of the first roller pass, to the
number of Marshall blows representing the total com-
pactive effort that had been expended on the paving
mixture befote the first roller pass was applied. In Figure 29
for example, 1 blow Marshall represents the total
compactive effort, Bm, that had been applied to the paving
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mixture before the first roller pass, while 2.11 Marshall blows
represents the total compactive effort, Bn, that had been
applied to the paving mixture at the end of the first roller
pass. In thiscase, X = Bn = 2.11 = 2.11
Bm 1

n = the power of X that provides the number of roller passes
that does not exceed the specified minimum percent of
laboratory compacted specific gravity, In Figure 29, n = 3

K = the total number of Marshall blows that provide the
specified minimum laboratory compacted specific gravity.
In Figure 29, K = 19.82.

Substituting the values from the above table in Equation (2):

Number of roller passes required to attain 97 percent of laboratory compacted
specificgravity = 1+ 2.11 + 4.45 + 9.39 + [19.82-1—(1 + 2.11 + 4.45 + 9.39)]
9.39)] 2.11-1

=16.95 + (16.95-16.95) = 16.95 or 17.00

In this example, the sum of the terms up to X? provides the exact number of
roller passes needed to attain 97 percent of laboratory compacted specific
gravity. Consequently, the final term which includes K in Equation (2) is zero
in this case, which is the exception as later sample calculations will show.

It must be emphasized that Equation (2) can be used to provide compaction
information only in situations like those illustrated in Figures 29, 30, and 31,
where the paving mixture has received compactive effort equivalent to 1 blow
Marshall before the first roller pass is applied. Nevertheless, it is very usefull for
the comparisons that are made in parts (b) and (c), and (d) of the present section
of this paper.

The more general Equation (1) can be used to provide compaction infor-
mation for all situations.

(5) Influence of More Effective Compaction Equipment

If a more effective roller were employed in connection with the compaction
line in Figure 29, for which the fitst roller pass whould increase the paving mix-
ture specific gravity by 3.00 percent from 89.00 to 92.00 percent of laboratory
compacted specific gravity, a substantially smaller number of roller passes
would be required to attain a specified 97.00 petcent of laboratory compacted
specific gravity, as illustrated below:

Dn-Dm = 92.00-89.00 = 3.00 = (mlog Bn + ¢)- (mlog Bm + ¢)
from which
logBn = 3.00 = 0.48465

i Bm 6.19
an
Ba 505
Bm

Since Bm = 1.00 blow Marshall, Bn = 3.05 x 1.00 = 3.05 blows Marshall.
Consequently, the total number of Marshall blows corresponding to the first
roller pass, that is needed to increase the paving mixture specific gravity by 3.00
percent from 89.00 to 97.00 percent of laboratory compacted specific gravity is
3.05. However, the paving mixture had received the equivalent of 1 blow
Marshall before the first roller pass was applied. Therefore, the first roller pass is
equivalentto 3.05-1.00 = 2.05 Marshall Blows.
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The number of roller passes required to increase paving mixture specific
gravity in successive steps, each of 3.00 percent, from 89.00 to 97.00 percent of
laboratory compacted specific gravity, can be determined from Equation (2):

1+X + X+ ms X+ [K=1-(1+X+X*--X"]

X-1
where X = 3.05
To Increase Paving Mixture Density Number of Roller Passes Required

from 89.00 to 92.00 percent 1 1.00
from 92.00 to 95.00 percent X 3.05
from 95.00 to 97.00 percent

K-1-(1+X) =19.82-1-4.05

X-1 3.05-1

== 9 18—405 = _2__1_5_

Total No. of Roller Passes Required = 9.18

Therefore to increase paving mixture density from 89.00 to 97.00 percent of
laboratory compacted specific gravity with this more effective roller, with which
the increase in paving mixture density for the first roller pass is 3.00 percent,
requires 9.18 or 10 roller passes. This is roughly only 60 percent of the 17 roller
passes that were required for the same increase in paving mixture density from
89.00 to 97.00 percent, when using the roller for which the increase in paving
mixture density for the first pass was only 2 percent.

This demonstrates the importance of using the most effective compaction
equipment available when compacting hot mix paving mixtures.

Suppose that three passes of a breakdown roller that increases the density of
the paving mixture illustrated in Figure 29 by 2.00 percent in its first pass, is
followed by an intermediate roller that would have increased paving mixture
density by 3.00 percent in its first pass over newly spread paving mixture. How
many passes of the two rollers are required to increase the density of the paving
mixture represented by Figure 29 from 89.00 to 97.00 percent of laboratory
compacted specific gravity ?

From what has already been presented, three breakdown roller passes are
equivalent to

3 x 1.11 = 3.33 blows Marshall
In turn 3.33 blows Marshall are equivalent to 3.33 = 1.62 passes of the

. . 2.0
intermediate roller. >

It has already been demonstrated that to increase paving mixture density
from 89.00 to 97.00 percent of laboratory compacted specific gravity using the
intermediate roller would require 18.82 = 9.18 roller passes. Therefore the

number of roller passes required for inigrsmediate rolling
= 9.18-1.62 = 7.56 passes.
Consequently the total required rolling effort becomes:
Breakdown rolling 3 . passes
Intermediate rolling 7.56 passes
Total 10.56 or 11.00 passes

This indicates that if one type of roller were used for breakdown rolling, and
a more effective roller for intermediate rolling, this combination of rollers
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would substantially reduce the number of roller passes that would have been
required if the first roller only had been employed throughout the compaction
operation. The comparison is 11.00 versus 17.00roller passes. The reverse could
be true, if the roller being employed for intermediate rolling were less effective
per pass than the roller used for breakdown rolling.

(c) Influence of Range of Compaction Temperature.

For Figure 29, it was assumed that the paving mixture remained at a
constant temperature of 275°F throughout the compaction period. In actual
practice, paving mixtures cool quite rapidly after leaving the spreader. In Figure
30, which reproduces the compaction lines of Figure 8 and Figure 29 for “‘nor-
mally”’ graded paving mixtures, the upper dashed line indicates that during
compaction the paving mixture cooled from 275°F to 200°F, while the lower
dashed line indicates cooling of the paving mixture from 275°F to 150°F during
compaction. Both dashed lines have been terminated at 97 percent of laboratory
compacted specific gravity, since this is a normal specification requirement for
hot mix compaction.

If both the upper dashed line representing compaction of the paving mix-
ture as it cooled from 275°F to 200°F, and the solid line representing
compaction at a constant temperature of 200°F, had been shown to intersect the
horizontal line representing 97 percent of laboratory compacted specific gravity
at the same point, this would have indicated that the same compactive effort in
terms of number of Marshall blows, 27.5, would have been required for
compaction applied at a uniform rate starting at 275°F and ending at 200°
F as for compaction at a constant temperature of 200°F. This is not reasonable.
A similar situation exists concerning compaction over a cooling range from
275°F to 150°F represented by the lower dashed line in Figure 30, with respect
to the solid line indicating compaction at a constant temperature of 150°F.
Therefore, the upper dashed line in Figure 30, representing compaction over
the cooling range from 275°F to 200°F must intersect the horizontal broken line
indicating 97 percent of laboratory compacted specific gravity, at a compactive
effort (number of Marshall blows) between the points of intersection of this line
with the solid lines indicating compaction at constant temperatures of 275°F
and 200°F, and the lower dashed line representing compaction over the cooling
range from 275°F to 150°F, at a compactive effort between the points of
intersection with the solid lines representing compaction at constant
temperatures of 275°F and 150°F, but where between these two points in each
case?

The number of Marshall blows at the intersection of the upper dashed line
in Figure 30 with the line representing a compaction requirement of 97 percent
of laboratory compacted specific gravity is given by the geometric mean of the
19.61 blows required to compact this particular normally graded paving mix-
ture to this density value at a constant temperature of 275°F and the 27.72
blows needed for the same purpose at a constant compaction temperature of
200°F. That is:

Number of Marshall blows at the intersection of the
upper dashed line in Figure 30 with the line
representing 97 percent of laboratory compacted
specific gravity = antilog (log 19.61 + log 27.72)

= antilog 1.36764 = 23.32 blows.
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Similarly, the number of Marshall blows at the intersection of the lower
dashed line in Figure 30 with the line denoting 97 percent of laboratory
compacted specific gravity, is provided by the geometric mean of the 19.61
blows needed to compact this particular paving mixture to 97 percent of
laboratory compacted specific gravity at a constant temperature of 275°F, and
the 44.67 blows required to compact the gaving mixture to the same density ata
constant compaction temperature of 150°F. That is:

Number of Marshall blows at the intersection of the
lower dashed line of figure 30 with the line
representing 97 percent of laboratory compacted
specific gravity = antilog(log 19.61 + log 44.67)

. 2
= antilog 1.47125 = 29.60 blows.

Therefore the upper dashed line in Figure 30, representing cooling during
compaction from 275°F to 200°F intersects the line marking compaction to
97.00 percent of laboratory compacted specific gravity at 23.32 blows, and the
lower dashed line in Figure 30, denoting cooling during compaction from
275°F to 150°F, intersects the line representing the same degree of compaction
at 29.60 blows.

Figure 30 shows that the slopes of the two dashed lines are increasingly
flatter than the slope of the line marking compaction at a constant temperature
of 275°F to 200°F, can be calculated as follows from Equation (1):

97.00 = mlog 23.32 + 89.00
m 97.00-89.00 =__ 8.00 = 5.85.
log23.32 1.36764

In part (b) above, it was shown that to increase the density of the paving
mixture of Figure 29 by 3.00 percent (from 89.00 to 92.00 percent of laboratory
compacted specific gravity) by the first pass of the roller, corresponded to a total
compactive effort of 3.05 blows Marshall. However, the paving mixture had
received the equivalent of 1 blow Marshall before the first roller pass was
applied. Therefore, the first roller pass was equivalent to 3.05-1.00 = 2.05
blows Marshall.

For the dashed line in Figure 30, denoting compaction at a uniform rate
over a cooling temperature range from 275°F to 200°F, Equation (1) can be
employed to determine the pavement density provided by a total compactive
effort of 3.05 blows Marshall or the first roller pass:

D = 5.8510g3.05 + 89.00 = 5.85(0.48464) + 89.00 = 2.84 + 89.00
= 91.84 percent.
The number of roller passes needed to increase the paving mixture density
in successive steps, each of 2.84 percent, from 89.00 to 97.00 petcent of
laboratory compacted specific gravity, as the aFaving mixture referred to in

Figure 30 cools from 275°F to 200°F can be calculated by means of Equation
(2), where X = 3.05.

i

i}

To Increase Paving Mixture Density Number of Roller Passes Required
from 89.00 to 91.84 percent 1 1.00
from 91.84 to 94.68 percent X 3.05

from 94.68 to 97.00 percent
K-1-(1+X) = 23.32-1) - 4.05

X-1 3.05-1
= 10.89-4.05 = 6.84
Total No. of roller passes required = 10.89
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Consequently, the number of roller passes required to increase the density
of the paving mixture of Figure 30 from 89.00 to 97.00 as the compaction
temperature cools from 275°F to 200°F is 10.89 or 11 passes.

For the lower broken line in Figure 30 pertaining to compaction over a
cooling temperature range from 275°F to 150°F, its slope m can be calculated
by means of Equation (1) as follows:

97.00 = mlog 29.60 + 89.00
m = 97.00-89.00 =_8.00 = 5.44
log 29.60 1.47125 ’
For the lower dashed line in Figure 30, Equation (1) indicates that the first

roller pass, or a compactive effort of 3.05 blows Marshall, will increase the
paving mixture density from 89.00 to:

D = 544 log 3.05 + 89.00 = 5.44 (0.48465) + 89.00 =
2.64 + 89.00 = 91.64 percent.

Uulizing Equation (2), where X = 3.05 blows Marshall, the numbers of
roller passes required to increase the paving mixture density in successive steps,
each of 2.64 percent from 89.00 to 97.00 percent of laboratory compacted
specific gravity, as the paving mixture of Figure 30 cools from 275°F to 150°F,
can be calculated:

[

To Increase Paving Mixture Density Number of Roller Passes Required
from 89.00 to 91.64 percent 1 1.00
from 91.64 to 94.28 percent X 3.05
from 94.28 percent to 96.92 percent X* 9.30
from 96.92 to 97.00 percent K—1 (1+X + X2

X—1
201 g4 305 4 3.05)
3.05—1
_ 2800 (1335 - 0.60
2.05
Total number of roller passes required . 13.95

Consequently, when during compaction, the temperature of the paving
mixture referred to in Figure 30 cools from 275°F to 150°F, as indicated by the
lower dashed line, to increase the paving mixture density from 89.00 to 97.00
percent of laboratory compacted specific gravity requites 13.95 or 14 passes
of this particular roller.

Therefore, if compaction of the normally graded paving mixture referred to
in Figure 30 were to take place at a uniform rate over the following temperature
ranges:

Range of Temperature During Compaction No. of Roller Passes to Increase Paving
Mixture Density from 89.00 to 97.00 Percent
Constant at 275°F 10
from 275°F to 200°F 11
from 275°F to 150°F 14

This demonstrates the benefit, in terms of the reduced compactive effort re-
quired, that results from compacting paving mixtures at the highest possible
temperature after thay have left the spreader.
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(d) Influence of Paving Mixture Design.

From Figures 5 and 8, it is apparent that different paving mixture designs
have a marked influence on the steepness or flatness of slope of the compaction
line, and therefore on the amount of compactive effort that must be applied to
attain any specified paving mixture density. While other comparisons could be
made, these differences in required compactive effort due to variance in paving
mixture design will be illustrated by the differences in the number of roller
passes required to achieve 97.00 percent of laboratory compacted specific gravity
tor the Fuller graded paving mixtures of Figure 31 versus those needed for
the correspondingly ‘‘normally’’ graded paving mixtures of Figure 30. The
solid compaction lines for the Fuller graded paving mixtures at different temp-
eratures, 275°F, 200°F, and 150°F, illustrated in Figure 31, are a
reproduction of the same compaction lines for paving mixtures with Fuller
gradings shown in Figure 8.

The same problem now arises that was described in part (c) above. At what
numbers of Marshall blows do the dashed lines in Figure 31 representing
compaction over the cooling temperature ranges from 275°F to 200°F, and
from 275°F to 150°F, intersect the horizontal broken line representing 97
percent of laboratory compacted specific gravity?

Employing the principles described in part (c) above :
Number of blows at the intersection of the upper
dashed line of Figure 31 with the line representing 97
percent of laboratory compacted specific gravity =
antilog (log 24.44 + log 37.43) = antilog 1.48071
2

= 30.25 blows.

and
Number of blows at the intersection of the lower
dashed line of Figure 31 with the line representing 97

percent of laboratory compacted specific gravity =
antilog (log 244.44 + log 62.92) = antilog 1.59349

2

= 39.22 blows.

Consequently, the upper dashed line in Figure 31, representing cooling
during compaction from 275°F to 200°F intersects the horizontal line denoting
compaction to 97 percent of laboratory compacted specific gravity at 30.25
blows, while the lower dashed line in Figure 31 indicating cooling during
compaction from 275°F to 150°F, intersects the 97 percent compaction line at
39.22 blows.

By extrapolation and visual inspection of the upper dashed line in Figure 31,
the pavement density for 1 blow Marshall is 86.45 percent of laboratory
compacted specific gravity. Therefore, the slope m of this upper broken
compaction line can be calculated from Equation (1) as follows : :

97.00 = mlog 30.25 + 86.45
m 97.00 -86.45 = 10.5% = 7.12
log 30.25 1.48073
It has already been shown that to increase the density of the paving mixture
of Figure 29 by 3.00 percent (from 89.00 to 92.00 percent of laboratory

compacted specific gravity) by the first pass of a roller, required an expenditure
of total compactive effort equal to 3.05 blows Marshall. However, the paving

i

[
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mixture had received the equivalent of 1 blow Marshall before the first roller
pass was applied. Therefore, the first roller pass was equivalent to 3.05 - 1.00
= 2.05 blows Marshall.

To obtain compaction data in part (d) that can be compared directly with
the compaction data that have already been obtained for part (c), the same
compactive effort per roller pass, 2.05 blows Marshall, will be employed for part
(d) as was used for part (c).

For the upper dashed line in Figure 31, indicating compaction at a uniform
rate over a cooling temperature range from 275°F to 200°F, Equation (1) can be
employed to determine the pavement density provided by a total compactive
effort of 3.05 blows Marshall, or the first roller pass:

D = 7.1210g3.05 + 86.45 = (7.12)(0.48465) + 86.45
3.45 + 86.45 = 89.90 percent.

Applying Equation (2), in which X = 3.05, the numbers of roller passes
required to increase the density of the paving mixture in successive steps, each
of 3.45 percent, from 86.45 to 97.00 petcent of laboratory compacted specific
gravity as the temperature of the paving mixture cools from 275°F to 200°F,
are:

i

il

To Increase Paving Mixture Density Number of Roller Passes Required

from 86.45 to 89.90 percent 1 1.00
from 89.90 to 93.35 percent X 3.05
from 93.35 to 96.70 percent X2 9.30
from 96.70 to 97.00 percent K-1-(1 +X +X?

X-1

= 30.32 -1-13.35 =14.27-13.35

3.05-1
_ 09

Total no. of roller passes requited = 14.27

Therefore, the number of roller passes required to.compact the Fuller
graded paving mixture of Figure 31 from 86.45 to 97.00 percent of laboratory
compacted specific gravity as the mix cools during compaction from 275°F to
200°F, is 14.27 or 15.

Similar calculations for the solid line representing compaction of the paving
mixture of Figure 31 at a constant temperature of 275°F, and for the lower
dashed line denoting a paving mixture cooling temperature range from 275°F
to 150°F, as the Fuller graded paving mixture of Figure 31 is compacted from
86.45 to 97.00 percent of laboratory compacted specific gravity, shows that 12
and 19 roller passes respectively, by this particular roller would be required.

The influence of paving mixture design, as represented by the ‘‘normally’’
graded paving mixture of Figure 30, and by the Fuller graded paving mixture of
Figure 31, on the relative compactive efforts needed to attain 97 percent of lab-
oratory compacted specific gravity over the same ranges of paving mixtute
cooling temperaturg can be compared as follows:

Range of Compaction No.ofRoller Passes Required to Increase
Cooling Range Temperatures Paving Mixture Density to 97.00 Percent
Normal Grading Fuller Grading
Constant at 275°F 10 12
From 275°F to 200°F 11 15
From 275°F to 150°F 14 19
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These comparative data indicate that when all other conditions are equal,
the compactive effort required to attain a specified percentage of laboratory
compacted specific gravity or density, is greatly influenced by paving mixture
design.

If hot-mix compaction were carried out over a cooling temperature range
from 200°F to 150°F, a substantially larger number of passes of this same roller
would be needed to achieve 97 percent of laboratory compacted specific gravity.
For the ““normally”’ graded paving mixture represented in Figure 30, 17 roller
passes would be required, while 24 passes would be needed for the Fuller
graded paving mixture of Figure 31. This provides further evidence of the
benefit obtained in the form of greatly reduced rolling effort, when paving
mixtures are compacted at the highest possible temperature.

(¢) More General Application.

So far the discussion of Figures 29, 30, and 31, has been limited to
compaction lines that have been extrapolated back from 6 blows to 1 blow
Marshall. However, the denisty of a paving mixture is it leaves the spreader
normally appears to be between 75 and 85 percent of laboratory compacted
specific gravity.

If it is assumed that the paving mixture of Figure 29 for example has a
density of 83.00 percent of laboratory compacted specific gravity as it leaves the
spreader, and if it is further assumed that the straight compaction line of Figure
29 can be extrapolated back to this paving mixture density, the number of
Marshall blows corresponding to this density of 83.00 percent can be calculated
as follows employing Equation (1)

83.00 = 6.19logB + 89.00
logB = 6.00 = 0.96931 = 1.03069
6.19
B = 0.1073.

Consequently for the extrapolated compaction line of Figure 29, a
compaction effort of 0.1073 blow Marshall is associated with a denstty of 83.00
percent of laboratory compacted specific gravity for this paving mixture.

Let us assume that the first pass of a particular roller will increase the density
of this paving mixture by 6.5 percent, that is from 83.00 to 89.50 percent of
laboratory compacted specific gravity. How many roller passes will be required
to inctease the paving mixture density by further increments of 6.5 percent up
to 97.00 percent of laboratory compacted specific gravity?

Equation (2) cannot be employed here, but the solution can be obtained by
applying the more general Equation (1).

‘The number of Marshall blows required to increase the paving mixture
density from 83.00 to 89.50 percent that is provided by the first pass of the
roller, can be calculated as follows using Equation (1).

Dn-Dm = 89.50 - 83.00 = (6.19 log Bn + ¢)-(6.19 log Bm + ¢)
logBn = 6.5 = 1.05008

Bm 6.19
Bn = 11.22
Bm

Bn = (11.22)(0.1073) = 1.2039 blows Marshall
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However, since the paving mixture had received the equivalent of 0.1073
blows Marshall before the first roller pass had been made, the compactive effort
applied by the first roller pass = 1.2039-0.1073 = 1.0966 blows Marshall.

The number of blows Marshall, and the number of roller passes, required to
increase the paving mixture density by a second increment of 6.5 percent from
89.50 to 96.00 percent of laboratory compacted specific gravity, is determined
as follows:

Dn-Dm = 96.00-83.00 = (6.19 log Bn + ¢)- (6..19 log Bm + ¢)
logBn = 13.00 = 2.10016

Bm 6.19
Bn = 125.9 = (11.22)?
Bm

Bn = (125.9)(0.1073) = 13.51 blows Marshall
Corresponding total number of roller passes required =
13.51 -0.1073 = 13.4027 = 12.22

1.2039-0.1073 1.0966
For the third increment of paving mixture density from 96.00 to 97.00
percent, the cotresponding number of Marshall blows and roller passes are
calculated by means of Equation (1) as follows:
Dn-Dm = 97.00-83.00 = (6.19 log Bn + ¢)-(6.19 log Bm + )
logBn = 14.00 = 2.26171

Bm 6.19
Bn = 182.7
Bm

Bn = (182.7)(0.1073) = 19.61 blows Marshall
Corresponding total number of roller passes required =
19.61-0.1073 = 19.5027 = 17.78.

1.2039-0.1073 1.0966
The step by step solution in terms of total numbers of roller passes that has
just been worked out, is summarized in the following table to indicate the
number of roller passes needed for each increment in paving mixture specific
gravity :

Successive Equal Increments Corres-.  No.of Mar- Corres- No. of Roller Passes
in Paving Mixture ponding shall blows ponding for each successive
Specific Gravity Total Actually Number of Increment in Paving
Number Applied Roller Mixture Specific
of Marshall Passes Gravity
Blows
) @) 3) 4) (5)
(2)-0.1073 (3)+ 1.0966
83.00 to 89.50 percent 1.2039  1.0966 1.00 1.00
89.50 to 96.00 percent 13.51 13.4027 12.22 11.22
96.00 to 97.00 percent 19.61 19.5027 17:78 5.56
Total number of roller passes required 17.78

Consequently, assuming that extrapolation of the straight compaction lines
of Figures 29, 30, and 31 toward the left is justified, a procedure similar to that
just demonstrated can be followed to determine the number of roller passes
required for any stage of compaction, regardless of the corresponding
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compactive effort, compaction temperature, and resulting density to which the
paving mixture may have been subjected before the first roller pass was made.

(6) Decreasing effectiveness of successive roller passes.

Figure 29 demonstrates the rapid increase in number of roller passes
required to achieve each successive equal increment in paving mixture density.
Figure 32, on the other hand illustrates the rapid decrease in the ability of
successive passes of a roller to increase the density of a paving mixture.

Figure 32 demonstrates the rapidly decreasing effectiveness of successive
passes of two different rollers to increase the density of a paving mixture. The
first pass of one roller is equivalent in compactive effort to 3-blows Marshall,
while the first pass of the other roller is equivalent to 5-blows Marshall.

Figure 32 and the data in the right hand column of Table 8 indicate that
each successive roller pass is much less effective for increasing the percent of
laboratory compacted specific gravity than was any preceding roller pas.
Furthermore, this roller effectiveness decreaggs very rapidly with successive roller
pass applications. For example, the right hand column of Table 8 indicates the
increase in paving mixture density provided by the tenth roller pass is only
0.27 x 100 = 18 percent of the increase in paving mixture density provided

150

by the second roller pass, regardless of the effectiveness of the roller being
employed. This also appears to apply regardless of the slope of the compaction
line. However, as the slope of the compaction line illustrated in Figure 32
changes due to variations in paving mixture design and range of compaction
temperature, the numbers in the right hand column of Table 8 also change. A
straight line relationship of negative slope results from the second roller pass
onward when the logarithm of percent increase in paving mixture density per
roller pass taken from the right hand column of Table 8 is plotted versus the
logarithm of successive numbers of roller passes.

Because of the geometry of Figure 32, Table 8 and Figure 32 indicate that
vety nearly the same decrease in paving mixture specific gravity occurs after each
roller pass beginning with the second regardless of the effectiveness of the
compaction equipment. For example, whether each pass of the rollers employed
is equivalent to 3-blow or 5-blow Marshall compactive effort, for the fifth pass
of either roller, the increase in percent of laboratory compacted specific gravity
over that provided by the fourth roller pass is approximately 0.58 percent.
Nevertheless, for the particular conditions represented by Figure 32, both Table
8 and Figure 32 demonstrate that for the roller for which the compactive effort
per pass is equivalent to 3-blows Marshall, seven passes are required to attain 97
percent of laboratory compacted specific gravity, while for the roller with each
pass equivalent to 5-blows Marshall, only four passes are needed to achieve the
same paving mixture density.

13. Time Available For Effective Compaction.

Figure 33 illustrates the rate at which a hot mix surface course layer 1.5
inches thick cools off on a hot summer afternoon (ambient temperature 86°F)
in Ontario, It indicates that the hot layer, which left the spreader at 275°F,
cools to 200°F in about 15 minutes, to 175°F in about 30 minutes and to 150°F
in approximately 50 minutes. Consequently, if the temperature range for rol-
ling to the minimum specified pavement density is to be from 275°F to 200°F,
the time avaialble for rolling on this hot summer afternoon is 15 minutes.
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On the other hand, when rolling a 1.25 inch surface course during the cool
weather in which so much paving is done in Canada (ambient temperature 40 to
50°F), Figure 34 demonstrates that a paving mixture cooled from 280°F to
200°F in 8 minutes, to 175°F in 12 minutes, and to 150°F in 18 minutes.

The broken line curve in Figure 34 indicates a cooling curve for a thick layer
(4 to 5 inches) of asphalt base course. Even during cool weather, this thick layer
loses its heat relatively slowly, and requires 20 minutes to cool from 280°F to
200°F, 30 minutes to cool to 175°F, and 50 minutes to cool to 150°F.

Consequently, Figures 33 and 34 emphasize that compaction of surface
courses particularly, to the specified minimum density, over the temperature
range from 275°F to 200°F where rolling effort can be utilized most efficiently
and effectively, requires a concentration of rolling equipment close to the
spreader that is seldom seen in actual practice.

14. Compaction Characteristics of Other Road Building Materials.

Most road building materials, soils, aggregates, stabilized soil mixtures, cold
asphalt paving mixtures, as well as hot asphalt paving mixtures, perform more
effectively if they are adequately compacted.

Figure 35 demonstrates that for each of a very wide variety of these road
building materials, a straight line relationship exists when the specific gravity of
the material being compacted is plotted versus the logarithm of the number of
Marshall blows and probably of other untis of compactive effort.

The specific gravity values illustrated in Figure 35, are for each material 7z
the condition in which it is being compacted. That is, for moist soil at a
constant moisture content; for moist aggregate at a single moisture content; for
a constant composition in terms of water, asphalt for soil asphalt stabilization;
for a constant composition in terms of water, portland cement, and soil, for soil
cement stabilization; for a single mixture of aggregate and asphalt binder for
cold mix compaction; and a single mixture of aggregate and asphalt cement,
and a range of cooling temperature, for hot mix asphalt compaction.

The sieve analysis and other characteristics of the materials referred to in
Figure 35, are given in Table 9.

The straight line relationships illustrated in Figure 35 indicate that the
increase in density or specific gravity becomes less and less with each successive
pass of the compaction equipment. It also indicates that the mathematics-of
compaction presented in Section 12 above for hot mix asphalt compaction, can
also be applied to the compaction of other road building materials. However,
since for many of these, compaction is carried on at ambient temperature, and
the viscosity of water is relatively constant over a substantial temperature range,
the temperaturte of compaction is not an important a variable as it is when
compacting hot asphalt paving mixtures.
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10.

11.

12.

13.

14.

SUMMARY

. Some of the results of a factorially designed and randomized laboratory

investigation of pavement compaction are presented.

. The investigation reviews the influence of three factors affecting pavement

compaction that can be controlled in the field, the range of compaction
temperature, the amount and intensity of the compactive effort, and paving
mixture design.

. Compaction temperatures of 275°F, 200°F and 150°F were employed to

study the influence of temperature on compaction, while 100, 60, 20 and 6
blows by a Marshall double compactor provided variable compactive effect.

. Paving mixwure design for Phase 1 of the investigation included the

variables: Normal, gap and Fuller grading; three levels of VMA, 13.5, 15.0
and 16.5 percent; three levels of air voids, 2.5, 4.0 and 5.5 percent; a
constant aggregate particle index of 11.5; and a constant filler/bitumen
ratio of 0.9. The asphalt cement employed was 150/200 penetration from a
single source.

. In Phase 2, the filler/bitumen ratio, the grade and source of asphalt cement,

the particle index of the aggregate, and other aggregate gradings resulting
in the same VMA value, are being investigated.

. As expected, degree of compaction in the form of percent of laboratory

compacted specific gravity is greatly influenced by temperature of
compaction, degree of compactive effort and paving mixture design. The
least compactive effort for any given paving mixture design and rolling
equipment, is requited when compaction is cartied on at the highest
possible paving mixture temperature.

. It is clearly demonstrated that there is no single temperature at which

pavement compaction by rolling suddenly becomes ineffective. Pavement
compaction merely becomes less and less efficient as the temperature of the
paving mixture being compacted becomes lower and lower.

. Fuller graded paving mixtures are substantially more difficult to compact

than normally graded or gap graded paving mixtures.

. Paving mixtures made with aggregates having a high particle index have a

very much higher Marshall stability than those made with aggregates having
a low particle index, but are also more difficult to compact to a specified
density.

Paving mixtures in which the particle index of the fine aggregate is
substantially higher than that of the coarse aggregate, have much higher
Marshall stabilities than when the reverse occurs.

A common Marshall stability curve versus percent of laboratory compacted
specific gravity results from density changes due to differences in either
compaction temperature or compactive effort.

The VMA of a paving mixture can be most easily incteased by deviating the
aggregate grading curve farther from the corresponding Fuller Curve.

Varying the percent of coarse aggregate over a range of 20 percent when the
VMA, air voids, particle index and filler/bitumen ratio were held constant
had negligible effect on Marshall stability.

When the VMA of a paving mixture was held constant, varying the air voids
over the range from 2.5 to 5.5 percent had very little effect on Marshall
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15.

16.

17.

18.

19.

20.

21.

stability, although the paving mixture with 2.5 percent air voids was most
easily compacted.

Marshall stability decreased very noticibly with increasing VMA when the
air voids value was constant.

For paving mixtures made with several grades of asphalt cement from
different sources, the Marshall stability was highest for the paving mixture
containing 85/100 penetration asphalt cement, but was nearly the same for
paving mixtures made with 150/200 penetration asphalt cement from two
different sources, and with 300/400 penetration asphalt.

Generally speaking, the paving mixture with the highest asphalt content
tended to be the most easily compacted.

For paving mixtures with constant VMA and air voids values, the increased
Marshall stability normally expected from an increase in percent passing
No. 200, can be partially or wholly nullified by the larger bulge in the fine
aggregate portion of the grading curve that is needed to maintain a constant
VMA value when the percent passing No. 200 is increased.

The mathematics for attaining more effective and efficient compaction of
hot asphalt paving mixtures is reviewed. This indicates guantitatively,
differences in the compactive effort, in the form of number of roller passes,
requited to achieve 97 or any other specified percent of laboratory
compacted density, as influenced by the characteristics of the rolling
equipment, by the range of compaction temperature, and by paving
mixture design.

Cooling curves, based on simultaneous measurements of temperature and
time started as soon as the paving mixture leaves the spreader, emphasize
that the time available for effective compaction after hot mix leaves the
spreader is relatively short.

In addition to hot asphalt paving mixtures, it is demonstrated that a straight
line relationship between compacted specific gravity or density and
logarithm of compactive effort in the form of number of applied Marshall
blows, exists for other road building materials such as soil, sand, screenings,
soil asphalt, soil cement and cold asphalt mixes.
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TABIE I

FACTORTAL DESIGN FOR ASPHALT PAVEMENT
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TJABLE 2

SIEVE ANALYSES AND ASPHALT CONTENTS FOR MIXES 1 TO 21

Mix No 1 2 3 4 5 6 7 8 9 10 1 12 13 14 15 16 17 18 19 20 21

SIEVE PER CENT PASSING

SIZE

1/2 inch 100 100 100 100 100 100 160 100" 100 100 100 100 160 100 100 - 100 100 100 100 100 100

3/8 inch 87 87 87 87 87 87 87 87 87 65 65 65 65 65 65 65 65 65 87 87 87

No. & 60 60 60 65 65 65 70 70 70 50 45 46 55 55 55 62 62 62 bl 61 61
8 53 54 51 56 59 56 60 63 6l 45 43 43 50 50 50 5 57 5 ki 44 44
16 49 46 44 51 55 51 55 58 58 Lo 41 39 44 4h 45 5} 52 52 30 30 30
30 41 37 34 k2 46 41 48 50 54 36 39 37 4o 40 4y 45 47 49 21 21 21
50 22 19 15 27 25 23 31 30 34 29 30 29 35 35 37 37 4) L2 15 15 15
100 16 11 10 14 13 1 15 15 18 19 16 16 20 20 21 22 25 26 10 10 10
200 5.24 k.54 3.75 5.64 5.1k 4. 6L 6.46 5.95 5.34 5,24 4. 64 L. Ok 5.95 5.24 4,74 6.57 5.95 S.44 L.14 3.65 3.17

ASPHALT

CONTENT 5.5 4.8 4o 6.1 54 49 6.7 6.2 5.6 5.5 k49 4.3 6.1 55 50 6.8 6.2 57 &4 3.9 3.4
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JASLE 3

FIC GRAVITY \/
PARTICLE INDEX - 11.§ FILLER/RITREH RATIO-0.9
SPECEFIC  GRAVITY HANSHALL STABILATY
Hix Ac AIR vO1DS ™A X0, OF
. % % 3 BLOvs 215" 200" 1507 s 'r 200°F 150°F
100 2.435 2486 1.358 Y (iL.7) 1683 {§3.6) 156D igp)
' 5.5 2.5 13.5 60 2.%07 2,335 2.568 1800 {16.0) 1567 49.¥) 1234 (B0)
{26 {137 20 1,385 M5 2276 3 {8.85) &7 {10.0) 31T {6}
5 1.15) 2.3n 2.158 ws U1.6) 11 (8.1 10k {116}
100 2,410 2.403 2.378 2275 (1.3} 2308 {F.7) 1612 {3.0)
2 '] A0 13.5 60 2,400 2.3%6 .93 1955 410.0) 110 {£.%) 88¥ {r.0)
(3.9} {13.3) 20 1924 2.3%0 .57 7 {7, s% {1.8) 30 ‘v.n
3 7.27 | 4,186 2041 206 {10.9) 98 (W.5) 83 {13}
100 2.406 2.392 2.333 2873 {1.3) 2287 (7.3} 958 (1.0}
1 a0 5.5 13.§ &0 2,373 2.342 2.30) 1859 {10.0) Ky 4.8} 664 I&g)
5.0 {13.5) 20 2.392 2.18) 2.4 516 {7.8} 1.3} 160 {B.6}
6 2.196 .19 2.100 189 (6.2} 108 {10.§} 3§ {18.8)
100 2.391 1.330 2.9 1608 {13.5) 313 {11.3) 1134 {10.8)
) 6.1 1.5 15.0 60 2.982 .37 2045 1203 {41.0) 1168 {10.1} 685 {10,3)
{2.6) {50 20 290 2.9 1204 782 19.0) Wy .7 28y {8.9)
6 2.246 2.2i0 1157 199 (4.5) H6 LS & O
100 2,383 .37 2.339 2005 {7.9) 1558 {8.0) 1193 (6.3}
5 5.4 8.0 15.0 0 2,369 7.355 1.3 2056 {8.5) 1401 (B.0) 916 {B.0)
(h.2) (1k.9) 20 2,286 2.262 139 683 {8.9) 476 8.8} 2
[ 2.0 amn 2.097 331 {#4.3) W2 {11.6) 19 (¥6.B)
100 2.386 2.379 2,346 2320 (6.3) 18 (6.0) 1170 {48
6 as 5.5 15.0 60 2.362 1.365 P ] P20 1302 {6.8) ey ¥
(5.5) {15.2) 0 2.7 g3 2.%58 2.410 439 {B.%} 97 {5.9) 100 {160}
6 2.195 2.156 7408 8% (0.0 ) 125 {0.0) 4 @0.9)
P 100 7.587 1.2 2.362 1312 f11.8) 1380 {11.8) 1150 {13.0)
7 .7 .8 16.5 60 2.381 2.355 2.8 1190 (13.5) 1116 {170} 1087 (9.
2.6) {164y 20 2354 2.308 z.»:es 717 fe.s? 564 (3.0)  27% !B.B
1 .28 2.508 2968 58 (10.3) 154 {10.5) 53 1.8y
100 2.362 2.5589 7.357 1610 {11.2) 1584 {10.0) 1270 (9.0}
[ 6.2 4.0 16.5 60 2388 2985 EXTH ST {10.2) 123 (B.6) 71 {193
(3.8} (16.5) 20 239 .75 .35 673 (1.5} 478 18,0) kB {0.8)
6 2191 2167 105 9 Hoo) v {128 1y GI65)
100 2,355 4,357 2.306 1587 {7.6) a9 (7.6} 1107 {3.0}
] 5.6 5.5 16.5 2.97) 2.501 2568 ey (8.5} a5 (6.0} 740 (0.8}
5.5) (16.4) 20 7.8%8 2.0 2.49% 336 7.9 A3g 8.3) i £0.0)
& 205 2.9 2.089 133 15.9) 156 {i5.0) 1.6}
100 2,019 2.408 2.397 1380 (13.0) 1700 {3.0) 1504 (9.8}
10 5.5 .5 1.5 2.4 2,400 2.96¢ 176t {30.3) 1535 (10,0} 115§ (8.8}
(2.5) 1.9 0 1.356 2.988 2.28) 1009 {8.3) 639 {9. 88 {9.6)
.20 2.3 6 26 (1) i (R sY 14s.8)
100 2,817 2.400 2.358 2583 (8.5} 2197 {7.8} 15VB {8.68)
i A9 4.0 3.5 60 2,401 .3 1.310 1873 (3.5} 1526 {r.3) 792 (5. 4§
&0} (1.8 20 2.335 2.381 2.39Y £97 {0.8) 369 B.2) 288 {B.7)
6 2.5 1195 2155 183 D15.8) 7y (B3} 35 fh0)
100 2,617 1,388 2.358 2560 {B.5) 1978 {7.0) 23t (7.0}
[} A3 .5 3.8 2,385 1.:;! ua l;{;ﬁ 9\3 x;;; gg; g?l; ;g;
. 13. 2 7.310 2.283 2% 7 {7. . .
-9 -5 e z.;n 2,186 2.116 133 {11.5) 7% (8.3 50 {10.2)
100 2.399 2.391 2.382 1533 {12.0) 1286 (11.2) 1161 (12.0)
1 6.2 7.5 15.0 & 2.385 2.380 2,355 1372 (33.3) 1206 {150} Fezr {in.3)
@7 (15.2) 20 2.250 2.310 2.289 792 (11.3) 659 (8.6) L6 (io.M)
[ 1377 2.1 2156 28y {3.0} w2 (1.7} &1 {00}
00 30 T TEN TN AT R e
L] 5.5 .0 15.0 60 2,318 2.373 2548 1389 {9.5) k62 (7.3} 1283 (8.3}
(.0) {10.8) 20 2.313 2318 2354 705 (7.7} &7 (1.9 1T 8.5
[3 2.233 . 2182 132 (5.8 76 {on) 34 {00}
TG (S Ef 4] 1 T3 (&, 7 % g
15 5.0 5.5 15.0 60 z.g‘;’ 2.338 .39 1o {8.8) 138 (1.5} 613 {334
{5.6) {15.1) 20 2.338 .21 .39 579 (8.0} 363 (8.%) .5
[3 2.208 2478 z.42 1 (12.0) sh (14.0) &) (@0}
2. 2.369 2.36% 1068 (32.8) 1ozt (¥3.5) 969 (1.2}
16 6.8 .5 1.5 "% z.}g 2,358 2.336 101% {13.0) 107§ (11.91 849 {10.8)
2.6 (16.5) 20 2.322 2.318 2.26§ 688 {10.2) 679 {5.9) 294 (6.5}
6 .21 231 2170 293 {10.0) 174 {15.2) 67 {i6.0)
2.360 2.555 2,348 1607 {3.3) . 1408 {B.3} 1497 {3.0}
17 6.2 8.0 16.5 " 1.3“ 2.339 .87 1h09 {11.0) 1088 (B.7) 736 {1.8)
{8.2) (16.6) 20 2.38% 2.756 2.4 589 (8.5) 40y (t1.5) 158 {9.5)
3 2.207 2.17h 2.109 10 (1.3} 186 (1390 31 (31.0)
2.3898 2,36 2.319 1629 {8.9) 1587 {7.5) 1119 {7.5}
18 5.7 5.5 16.5 'ﬁ :.;gt 2.295 1.1:; l;: ;067) g;i ;;g :g? 13"3
.2 2.274 2.3 . . .
-4 te.s) 12 §.|§f 2.182 2.107 s (10.3) Yo7 ip) « {8.0)
i 2.4 2.4 3016 (3.3) 2589 (9.6} 1650 (B.2)
13 (X} 5 —— s ;.AZ; z.tﬁ 2.312 2143 Emﬁg) IBU: g;; :g; gbuz)
) ) . 2.326 2,256 97 1{s. 555 (9, .
8 oy b b+ 1] 2361 260 (13.2) 145 {10.8) 50 (16.7)
7483 2.032 1.403 3226 (11.0) 2300 (8.5} 1783 (6.8}
20 3.9 (X1 e ’gg uié 2.368 2.306 2339 (8.3) 1227 (8.2) k32 {7.3)
’ .1 {1.s) 20 2.312 2,307 2.238 704 {10.5)  4Az (8.0} 233 {10.5)
6 2.2h0 2.182 2119 25 (10.0) 108 {16} 2 (15.1}
2,426 2,396 2,365 2903 (7.8) 2167 (7.5} 1500 {1.6)
2 3.4 5.5 —— ‘% 2.505 2.349 2.330 1913 (12.2) 1175 (7.2} 1016 {8.7)
. {5.6) n.s 20 2.315 2.274 2.207 688 (6.0) A5 (8.9) 163 (8.9)
[} 1.205 2.181 2,140 208 {10.3) 67 {6.8) 2 (21,0}
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TABLE &4
SPECIFIC GRAVITY AND MARSHALL STABILITY CATA AS PERCENTAGES OF 60-BLOW AT 275°F

PARTICLE INDEX - 11.5 EILLER/RITUMEN RATIO ~0.9
SPECIFIC  GRAVITY BARSHALL  STABILITY
HIX A AIR V01D VRA NO. OF
0. ) 2 T 8LOVS 275°F 200°F 150°F 275°F 200°F 150°F
100 101.16 100,37 99.63 96.50 92.50 87,11
¥ [ 2.5 1.5 &0 400.00 93.50 58.33 100.00 87.06 72.00
{2.6) 0L 0 97.84 96,18 95,55 52.28 34,28 17.33
3 93.60 91.86 89.€5 1.6 6.83 5.78
100 100,42 100.13 §9.¢8 116.97 113.37 85.36
2 4.8 40 13.5 60 100.60 98.17 96.52 12,00 7243 45,30
{3.9) {13.3) 20 96.71 95. h2 9k.ch 37.48 25.9% 15,94
3 92.79 91.42 89.21 10.59 4.94 2.2t
100 101,39 100.80 98.31 155,68 123.29 51.27
3 A0 5.5 13.5 60 100.00 98.63 97.05 103.00 76.17 36.87
5.7 {13.5) 20 96.59 96.21 93.55 28.36 26,95 3.70
[3 92.54 91.82 88.53 9.11 5.82 1.02
100 10042 100.34 99.87 17.04 117.29 99.25
1 6.1 H ] 60 100.00 99.58 98.45 102.C0 97.09 57.02
{2.6) {15.1) 20 98.28 96.22 95.47 £5.00 36.99 24.02
6 94.29 90.55 90.55 16,54 9.6h LA
100 100.51 100.30 98.73 53.0% 76.15 58,31
5 5.4 N 60 100.00 99. 41 98.1¢ 103,00 £8.48 84,77
(4.2) (e 20 96.50 95.48 93.5% 33.63 2).26 9.53
ke 52.91 91.68 16018 7.9
100 10t.%0 100.72 99.32 175.€3 140,24 83,18
3 45 60 100,00 99.28 57.8% 120.00 99.24 51.30
{5.5) {15.2) 20 96.66 95. 60 93.5% 3).55 22.64 7.62
6 92.93 91.20 £9.25 4,15 1.00 1.00
100 101.10 100.47 100.0% 10.25 99.16 96.64
7 6.7 2.5 16.5 60 100.00 99.75 99.32 1£3.00 93.78 88.82
{2.6) {16.8) 20 98.0% 97.76 95.53 69.25 47.19 23.02
6 94.79 93.73 91.83 29.8% 12.9% 445
100 100.72 101.02 100.51 102,44 100.63 80.84
8 6.2 4.0 16.5 60 100.00 300.00 98.5% £00.00 78.36 49.20
(3.8 {16.5) 20 97.95 97.61 95.35 L2.Eh 30.43 15.79
6 93.43 92.41 B9.33 9.48 1.89 1.00
100 100. 9% 101.03 96.84 193.63 103.33 76.72
9 5.6 5.5 16.5 60 100.00 96.63 37.26 - 57.17 51.28
(5.5) (16,4} 20 95.84 55.76 94.26 10.15 11.85
[3 9).01 91.73 B354 10.95 2.56
too 100.62 99.75 99.30 1143 97.65 6.9
10 5.5 2.5 3.5 60 100.00 99.42 97.80 102,00 91.56 €6.3%
(2.5) {13.5) 20 97.60 96.85 94.57 57.55 40.09 16.26
6 94.03 92.71 83.31 16.43 11.03 2.99
100 100.67 93.96 98.21 117.30 Bk.25
1 % & 3 60 100.00 98.83 96.63 BL.k7 42.29
(4.0) 0).5) 20 96.83 95.00 94.00 19.70 15.38
3 93.75 9i.42 85.75 9.24 1.87
100 101.34 100.13 98.87 119.16 7438
12 (%Y 5.5 1.5 60 100.00 99.41 97.86 86.39 56.63
(5.3) {13.5) 20 97.27 95.72 93.75 31.75 13.07
[3 93.38 91.66 8.72 8.58 3.0t
100 100.59 100.25 99.87 93.73 8h.62
13 6.2 1.5 15.0 6o 100. 00 99.79 98.7% 87.90 8.7
2.7} 05.2) 20 98.53 96.86 95.97 4B.03 32.51
3 95.47 92.33 90.31 8.16 2.99
100 100.84 100.71 99.62 124.84 104,46
113 5.5 1 60 100.00 99.75 88.70 105.26 92.37
(4.0) (th.8) 20 97.23 97.23 94.75 4. k2 12.74
6 93.86 92.22 90.45 5.47 2.45
100 100.72 99.96 98.73 128,84 62.0)
15 5.0 5.5 15.0 60 100.00 98.94 97.29 94,08 43.75
{5.6) {15.1) 20 97.25 96.19 94.33 25.91 .70
3 9344 92.17 89.60 3.85 2.93
100 100. 64 100.30 100.13 100.69 95.56
16 5.8 .5 16.5 60 100.00 99.70 98.90 101.08 0.n
{2.8) {16.5) 20 98,31 98,0t 95.89 66.96 28.93
3 96.40 93.69 91.87 17.16 6.5
10Q 100.60 100.38 % 99.93 106,25
17 6.2 4.0 16.5 0 100.00 99.70 97.9% 77.22 52,24
{8.2) {16.6) 20 97.23 96.16 93.7) 34.56 n.2
3 94.08 92.67 83.90 13.06 2.20
100 102.31 100.43 59.36 153,05 129.98 91.65
18 5.7 5.5 16.5 60 100.00 98.33 97.13 123,00 75.59 40.87
(5.4) {16.5) 20 96.49 95.29 93.62 A1.28 2k.90 15.32
3 93.44 91.77 30.27 13.60 a.76 .36
. 100 101.15 100.53 98.94 132,87 120.92 17.07
19 LR} 2,5 ——— 60 100.00 99.43 97.09 102.69 8L, 45 21,53
(2.4) [N 20 96.73 95.21 92.35 A5.45 25.88 13.08
3 91.65 30.38 88.46 12,04 6.77 2,34
100 101 100.25 99.05 95.87 7h.32
20 1.9 4.0 — 6o 100.00 97.61 95.05 51.15 20.51
1) (11.5) 20 96.13 95.09 92.25 18,42 9.71
3 92.33 89.94 87.76 5.50 1.00
100 100.87 99.63 98.34 151.75 113.28 78.M
21 1.4 5.5 o €0 100,00 97.67 96.88 142,00 61,42 53.11
{5.6) (11.8) 20 96.26 94,55 91.77 35.9% 21.63 8.52
3 91.68 90.63 83.98 12.87 3.50 .10
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MEX NO.

SIEVE
SIZE

i/2
3/8

16
30
50
100
200

Asphalt Content %
Actual Air Voids %

Actual VMA %

TABLE 5

SIEVE ANALYSES AND OTHER DATA FOR PAVING MIXTURES

WITH NORMAL AND ODD GRADINGS

All Mixes - Air Voids

= 4% and Particle Index = 11.

Filler/Bitumen

2a

100
87
60
52
L2
32
19
1
4. 54

4.8
L
13.6

5a

100
87
65
57
kg
39
23
13

5.

15.

1

24

411

8a

00
87
70
60
55
48
29
15

PER" CENT

.85

NORMAL GRADING

0.9
20

100
87
61
L]
30
21
15
10
3.65

3.9
3.9
11.3

0DD GRADING

Filler/Bitumen =

30 31
PASSING
100 100

87 87

60 65

43 50

33 36
21 22

14 13

8 5
2.06 2.
.9 5
.9

3.6 15

33

© Canadian Technical Asphalt Association 1974

32

100
87
70
58
ks
25
11

2.55

6.0
k.2
16.5

0.4

33

100
87
61
Ly
30
21
15
10
1.93

4.6
4.2
13.2



[44%

TABLE 6

COMPARISON OF SPECIFIC GRAVITY AND MARSHALL STABILITY DATA
FOR PAVING MIXTURES WITH NORMAL AND ODD GRADINGS
ALL MIXES - AIR VOIDS = 4% AND PARTICLE INDEX = 11.5
COMPACTION TEMPERATURE 275°F

MiX AC ACTUAL ACTUAL F/B SPECIFIC GRAVITY MARSHALL STABILITY
NO p VMA AlR VOIDS y
) % % 100 BLOW 60 BLOW 20 BLOW 6 BLOW 100 BLOW 60 BLOW 20 BLOW 6 BLOW

PAVING MIXTURES WITH NORMAL GRADING

2a 4.8 13.6 k1 0.9 2.420 2.396 2.314 2,224 26k0 2057 721 222
Sa 5.5 15.1 4.1 0.9 2.394 2.372  2.303 2.213 1936 1492 575 183
8a 6.1 16. 4 k.0 0.9 2.366 2.350 2.288 2.191 1577 1615 771 192
20 3.9 11.3 3.9 0.9 2,450 2.418  2.326 2.225 2696 2343 926 171
PAVING MIXTURES WITH ODD GRADING
30 b.9 13.56 3.9 0.4 2. 424 2.399 2.304 2.208 2225 1760 h22 75
31 5.5 15.2 3.9 0.4 2. 401 2.368 2.281 2.190 211 1476 Lok 61
32 6.0 16.5 4,2 0.4 2.358 2.343 2.244 2.152 1865 1698 398 65
33 4.6 13.2 4.2 0.4 2. 431 2.400 2.306 2.207 2577 1690 558 172
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€1y

GRADE
SOURCE

SUPPLIED BY

Specific Gravity 60°F
Flash Point COC°F
Penetration at 77°F
Viscosity at 275°F ¢s
Ductility at 77°F ¢m
Ductility at 60°F cm

Solubility CCLk %

Thin Film Oven Test

% Loss

% Retained Pen. at 77°F

Ductility of Resid. at 77°F

ASPHALT

TABLE 7

CEMENT INSPECTION DATA

150/200
LLOYDMINSTER

HUSKY

1.029
475
156
284
150+

99.9

0.55
58

8s5/100 150/200
MONTREAL MONTREAL
IMPERIAL IMPERIAL

1.012 .008

645 620
91 167
360 257
150+ 150+
99.9 99.8
NiL NiL
70 57
150+ 150+

© Canadian Technical Asphalt Association 1974

150/200
WINNIPEG

IMPERITAL

1.004
600+
160
124
150+

99.8

NIL
56

103

300/L00
MONTREAL

IMPERIAL

0.993
595
375
136
150+

99.9

NiL
64

150+



ILLUSTRATING DECREASING EFFECTIVENESS OF SUCCESSIVE ROLLER PASSES

TA

BLE 8

Equation for any compaction line

where

W o

3
[

= number of Marshall blows

~-Dimiog B+c

= percent of laboratory compacted specific gravity

slope of compaction line = 6.19 in Figures 29 and 32

¢ = intercept of compaction line with 1-blow Marshall = 89.00 in Figures 29 and 32.

Initial paving mixture density = 89.00 percent of laboratory compacted specific gravity.

Compaction temperature

275°F

(a) Each roller pass equivalent in compactive effort to 3-blows Marshall
No. of Corresponding D=6.191og B+89.00 % Lab.Comp.Spec.Grav. Increase in
Roller Number of Achieved by Roller Percent Paving
Passes Blows Marshall Passes Mixture Density
Per Roller Pass

0 t.0c0oo. . = 89.00 am—-

1 4.00 6.191og 4.00 + 89.00 72.73 3.73

2 7.00 6.191og 7.00 + 89.00 94.23 1.50

3 10.00 6.1910g910.00 + 89.00 95.19 0.96

4 13.00 6.1910g13.00 + 89.00 95.90 0.71

5 16.00 6.1910g16.00 + 89.00 96.45 0.55

6 19.00 6.1910g19.00 + 89.00 96.92 0.47

7 22.00 6.1910922.00 + 89.00 97.31 0.39

8 25.00 6.1910g25.00 + 89.00 97.65 0.34

9 28.00 6.1910928.00 + 89.00 97.96 0.31

10 31.00 6.1910g31.00 + 89.00 98.23 0.27
(b) Each roller pass equivalent in compactive effort to 5-blows Marshall

0 .00  =eee- 89.00 -——

i 6.00 6.1910g 6.00 + 89.00 93.82 4.82

2 11.00 6.191og11.00 + 89.00 95.45 1.63

3 16.00 6.1910g16.00 + 89.00 96.45 i.00

4 21.00 6.1910g21.00 + 89.00 97.18 0.73

5 26.00 6.1910926.00 + 89.00 97.76 0.58

6 31.00 6.1910g31.00 + 89.00 98.23 0.47

7 36.00 6.1910g36.00 + 89.00 98.63 0.4o

8 41.00 6.191ogh1.00 + 89.00 98.98 0.35

9 46.00 6.191ogh6.00 + 89.00 99.29 0.31

10 51.00 6.1910g51.00 + 89.00 99.57 0.28

414
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TABLE 9

SIEVE ANALYS{S AND OTHER CHARACTERISTICS OF SOILS, AGGREGATES,

STABILIZED -SOILS AND ASPHALT COLD MIX

SOIL SAND SCREENINGS SOIL SOIL ASPHALT
CEMENT ASPHALT COLD MIX

SIEVE SIZE PER CENT PASSING
1/2 inch 100.0 100.0 100.0
3/8 inch 100.0 399.2 100.0 100.0 99.2 89.5
No. L4 sieve 98.0 97.0 96.6 99.9 7.0 66.7
No. 8 sieve 95.5 95.4 71.8 99.8 95.4 52.5
No. 16 sieve 92.2 92.0 49,2 99.7 92.0 39.1
No. 30 sieve 88.3 85.2 34.3 99.4 85.2 29.4
No. 50 sieve 81.7 49,1 25.6 94.3 Lg. 1 20.1
No. 100 sieve 69.7 20.1 20.2 41,2 20.1 13.0
No.200 sieve 58.1 13.0 16.1 4.0 13.0 8.1
Moisture Content % 20.6 10.0 7.0 8.0 6.0 -———
Asphalt Content % ———— - ——— ———— 5.0 4.5
Portland Cement Content % - - - 7.0 - ———
Liquid Limit 36. 1 ——-- ——— —— ——— -———-
Plasticity Index 8.1 NP NP NP NP NP
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4-YEAR RETAINED PENETRATION — PERCENT
OF PENETRATION IMMEDIATELY AFTER ROLLING

ol 4]

o O

\\

4 6 8 10 12 4 16 I8
AIR VOIDS IN PAVEMENT AS CONSTRUCTED—PERCENT

FIG.I EFFECT OF INITIAL AIR VOIDS IN PAVE-
MENT ON CHANGE IN PENETRATION OF ASPH-
ALT AFTER FOUR YEARS OF SERVICE.
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GRADING CHART FOR AGGREGATES AND BITUMINOUS MIXTURES

% % %2 2%

ILLUSTRATING NORMAL GRADING, GAP GRADING AND FULLER GRADING.

FIGURE 2
© Canadian Technical Asphalt Association 1974
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PAVING MIXTURE DENSITY INCREASES WITH

DECREASING AIR VOIDS PROBABLY BECAUSE OF INCREASING ASPHALT CONTENT.

FOR A GIVEN COMPACTIVE EFFORT

FIGURE 3
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FIGURE 0 RESISTANCE OF A PAVING MIXTURE TO COMPACTION INCREASES WITH AN INCREASE IN THE PARTICLE
INDEX OF THE AGGREGATE.

© Canadian Technical Asphalt Association 1974




9Th

| PARTICLE INDEX

| +{COARSE  FINE

-3000——{ 8 5 a—a 44
— 1 15 se—o| |/
15 = 8 X—=X] |

2000 OVERALL PARTICLE NDEX:IIS ~/

RSHALL STABILITY AT I40°F—p

FIGURE T1 FOR A GIVEN OVERALL PARTICLE INDEX, MARSHALL STABILITY INCREASES WITH AN INCREASE IN THE
PARTICLE INDEX OF THE FINE AGGREGATE.

© Canadian Technical Asphalt Association 1974



LTy

AT 140°F—ib.

.........................

...................................

..............................

.............................................................................

.......................

ITY

_L STABIL

|

aRSE

FIGURE {2 A COMMON.MARSHALL STABILITY CURVE RESULTS FROM DENSITY CHANGES DUE TO DIFFERENCES E!THER
IN COMPACTIVE EFFORT OR IN COMPACTION TEMPERATURE.

© Canadian Technical Asphalt Association 1974



8T

bl

20

[
=]

EY
«Q

TOTAL PERGENT RETAINED
g 3

T+
F
i
ek

ao: k4
E |
E -
E -7

0 p4=
Ser

10

oG
SCALE
AVERAGE
CLEAR
OPENING

GRADING CHART FOR AGGREGATES AND BITUMINOUS MIXTURES

T

HLOCATION.

SIEVE SIZE ~ U S STANDARD SIEVE SERIES — SQUARE OPENINGS

5 270230200170 140 12010080 70 60 50 45 40 35 30 25 20 1816 14 12 10 8 7 6 5 4 3%3 Ve
A h PR Sl oy SV -

Yo Yo ' s Ya s 1 VW ik 2
Al

LT

w COARSE Iﬁ . FINE - y " .:OARSE’
i =7 7 7 17 T
= - NORMAL GRADING' /| / /" /| /I/
EoJSECTON ° s T e et // , / - /( /‘i
--------------- ; / \ s ;
SAMPLED BY _ _ _ _ _ OATE _ _ 4 .~ 4 'D,S"// //_ 17 '// / ""/4"'1‘ / iV a
£ jTEsTEO BY_ _ _ _ _  omTE_ i p . 4 i z ! J l
[rPIEINS BBE09T AT
U S . - } - . > E N -tz - + -

£ i | d 4 / /. // I & :
FINE AGG.PART i
R ‘ r/( L
7+

N G T T R G T

65%

|

Ll i

7 — =
- PLs -t -
) s s R A
A5==T7
i

i - ! ! .

APPROXIMATE Fobnvm.em' c}acuua op

! ! +

| l l

bl i . PN I " . 2 z P
032527050200#0'50"5 0080 65 604842 35 3228 2420 16 14 12 108 B 7 6 5 4 33 2%

. "SIEVE SIZE—TYLER SIEVE SERIES ~ SQUARE OPENINGS

1
f !
| f
Yo Te' Yo Ve A Ba ¥h Pe2 24

r ey ey r v v . MM
T 9 e w o ot oohow oo 0 Qg 2O @n RO 9wy nw:"m;mq:;qu‘:n(\q
$FEEEESRIRQERAIRB TSI BB RN B By 5988 R R3E g &
(506 o8 4 2 3 4.5 8 ! 2 ,3,4,86 8 10 20 % 40506070 uu
002 | 003 .004 006 008 0! " o2 03 04 06 08 2 3 4 6 8 1 1k %1%z 2% 3NCHES

PERCENT PASSING

FIGURE 'y3 FOR CONSTANT AIR VOIDS, INCREASINGLY HIGHER VMA VALUES ARE OBTAINED BY DEVIATING THE
FINE AGGREGATE PORTION OF THE GRADING CURVE INCREASINGLY FARTHER FROM THE CORRESPONDING

FULLER CURVE.

© Canadian Technical Asphalt Association 1974



6Cy

GRADING CHART FOR AGGREGATES AND BITUMINOUS MIXTURES

{

SIEVE SIZE— U S STANDARD SIEVE SERIES — SQUARE. CPENINGS

32_2}0230 140 12010080 70 60 50 45 40 3530 25 2018 16 14 12710 B 7 6 5.4 343 Ye Ya Yu g o Ve Va | W 1R %2 2k 3
il " ; \ Wip) i
° FINE COARSE € INE ] COARSE
E T l I / T T T
E ol L ' i/ \ . h
= 'L oDD GRADING A AT
IO: JSECTION _ A / / . (, /1 { 30
L {LOCATION £t H T 1
F— ey - S — /
20:__{?55750 Y. 1 % B8O o
3 ' _“i“‘ A‘Jr_— i
30 4~ ¢
g b ST
z ok | ; !
E 0: i i 1 60
e Pt
g E |
W 50— 1 k
g . F
w E ! ; g
ol TR Z
s F ) i
EET EmEN
A 11
70— ftt—3 30 v
L e 3
— 1 Wl
E ¢ -~ H P
80— ’ : 20 c:
e + FR) S
E— T b
sof4==d= go i | LTI PN
3 e T s ] ; i APPROXIMATE EQ JWALENT' CIRCULAR OPENINGS
- _*__‘—_M__+ R '—+"_" TRTTTTTTYT T T ) * T f o
100, Ecd el Lo - J ] J ] I L
35557020070 150 115 100 80 65 60 48 42 35 32 za 3930 61412 09 8 7 6 5 4 %3 2n W ek % % %l W WMz 2h
SIEVE SIZE~TYLER SIEVE SERIES —SQUARE OPENINGS
Lae < o ® O B ;o ~ & &« ¢ O g ® O ® MO O © w0 © ~ N v~ T @ 0 2, MM
o 4 wooon [=] 0 N O o O e I - L % Y o 4 4 q
sac |3 B F SN SERRRATBEFE22IGIRERL SR BE=0 3938 3838 g ¢
MMl osos o8 4 . 2 3 4 86 & % 2 3 4,856 8.0 2 3 4 5067
CLEAR | ¥ ey s e A e B y e s s + ‘ . v L L e Ayrrebponnionnd|
w: " 002 003 004 006 .008 .0l T o2 03 .04 06 08 2 3 4 6 B 1 14 1% %2 2k 3INCHES
Nt

FIGURE $4 FOR CONSTANT AIR VOIDS,

INCREASINGLY HIGHER VMA VALUES ARE OBTAINED BY DEVIATING THE

GRADING CURVE INCREASINGLY FARTHER BOTH ABOVE AND BELOW THE CORRESPONDING FULLER CURVE.

© Canadian Technical Asphalt Association 1974



oty

R SPEC.

»
I
e % f 1

"l.;_';‘fzé‘::.:.::.' . S

jﬁﬁﬁ:i!‘:.:?‘,'f:' N :' e

FIGURE §® A COMPARISON OF THE SPECIFIC GRAVITIES OF PAVING MIXTURES WITH NORMAL AND ODD GRADINGS.

© Canadian Technical Asphalt Association 1974




NO. OF BLOWS

4 567u9x0

—MARSHALL, STARILITY-3i——

Q o 0O (@] %
Q Te
g g8 &

di—4.0t1 1V ALNIGVLS TIVHSYVIA

431

Q

FIGURE y A COMPARISON OF THE MARSHALL STABILITES OF PAVING MIXTURES WiTH NORMAL AND ODD GRADINGS.

ciation 1974

© Canadian Technical Asphalt Asso



MINIMUM VM.A.— PERCENT

18
@)

BASIS OF DIAGRAM
' ASTM. BULK SPECGIFIC

GRAVITY OF AGGREGATE

- DEFICIENT IN EITHER
i ITUMINOUS BINDER OR AIR VOIDS

.
40 R S 7 3/% l"/fl/zfz"

NOMINAL MAXIMUM PARTIGLE SIZE — U.S. STANDARD SIEVES
SQUARE OPENINGS

FIGURE |7 RELATIONSHIP BETWEEN MINIMUM
V.M.A. AND NOMINAL MAXIMUM PARTICLE SIZE OF THE
Q?XG'IBUERGEAg E FOR COMPACTED DENSE GRADED PAVING

H
o]

O
@]

n
(@]

N2\

"

M

AN

<
AR

4
|

432

© Canadian Technical Asphalt Association 1974



ONISSWd LN3043d
”wmwowwmm\u&z

G €9

MM,

(5% SR SENSION SUGUNE TUOUI W KNGPUT SRS SR 0 GRS NURUIUN NSRS W " -

H'0S
2444
Lt
IR

. —
~

NQP‘QG
1
I
M 1o ™2 2V

L A S WY

AR 0P

i
I
|

1
th IHEIZ%I

P62

COARSE

FINE

61

-

H6's1

b2t
FI'H

1256
Le6L

%
£ EQ JIVMl.EN'I CIRCUL..

£

Jl

L

|

GC9
996
£134

7
s
APPROXIMAT

}9E'T
€82
+88°2

V| 2. £ £

U

#

3

7t
/

1

!

}

1

/1

y

M 1210 B 7 6 5 4 3%3 % %

0’2
il
sidl

7
’
pi
/
,/f;
/7
/A
/7 7/
£
/

SIEVE SIZE— U.S. STANDARD SIEVE SERIES —SQUARE OPENINGS
COARSE

B N e e &

5 40 35 30 2520 ¢

5

GRADING CHART FOR AGGREGATES AND BITUMINOUS MIXTURES

CERE A Sas NS W

140 120 100 80 70
TINE

6,
TPROVECT

FiL

-

325 270,

|

611

j’
4
74
I
’A /
H
174
il
P4

SIEVE SIZE—~TYLER SIEVE SERIES —SQUARE OPENINGS

i

|
}i?i
|
Lo
[
|
1
1]
A1
71
T
A

i

]

1

)

‘ONTARIO

DATE
DATE

10150 #5100 80 65 604842 35 3228 2420 16 14 12 10 9 8 7 6 5 4 343 2% % %U¥% % % Wi

RSU

TESTED 8Y

SANPLED BY

lllIlLlilfI!Jﬂl ] .BQW.

i

Addddoh b, ...__.:.

3INCHES

0 | MM

2%

i

2

i
Y

i

40 50 60 70
%

% tet

T

T

IT POSSIBLE TO SATISFY NORMAL VMA

'S GRADING BANDS MAKES

REQUIREMENTS.

T

© Canadian Technical Asphalt Association 1974

Y

Y T

FIGURE 18 BULGE -IN ONTARIO

i

.003 004 .006 .008 .01

002

10f—|

(] o] [*] o o =] [=d
" ~ w [

POTR PPN PP YUY JUY PO FUPTS TR FUTIE DURN VNS IO PR FOURS VO TOWY m Lvvor
o
< ) I S

O3NIVI3Y IN3OH3d TVL0L m w

433




1254

GRADING CHART FOR AGGREGATES AND BITUMINOUS MIXTURES

l SIEVE SIZE—~ U S STANDARD SIEVE SERIES ~ SQUARE OPENINGS l
3 5270230200!70!4‘0 120100 80 70 60 50 45 49 3‘5 30 ZF 2C i6JI§.44 210 8 7 65 4 3%3 5{!6 o Ve o U Va 7{» ! ’:/4 2 Ye 2 22 3

Fi £| ¢ " e
COARSE = FNE | d:omsz i
T s /a— v A 1 T AT

10

°FT ! 7 7
'__f__ S [N TSNy 2% RUN S A R I A 4. / / VAT AWR W) }/ VS i
F TeRovcT_ Y ‘
—__lsscvlou | Lo ® / / n / L / /‘ { 30
10F 'LocaTion. LAALEAY ./ 7 /’ , , 7 7 ' // / 7 T i
S e - o 10 /A4 ' - i SUOSE. SUONS A/ VUL S U S S
1 Samplen BY. _ooate_ . 7 / / ‘% Loy / /?/ Vil bt + w
20 F— TESTED BY_ "~ parg 4 o R . : / | Y | T PPN
| AR VOIDS—4% " A7+ 71 2
3 / 7 - L A A i
ke o PR VRSO e A A A
Eo / 7 ‘', 1/ / / / '
30F—d : P L/ N } i au! | FE [ m
Eo I P T / T, it , 7 % , /Y7 P 193 7T i i ]
E 7 | |
N ¥ o (v R
wl E ‘ . —— 4 v A A
£ E j 4 | Q D/ ‘ | Ll |
& a0f— . ¥ Vi 71T ; ! T4%°
o r 1 7/ { ¢ 3
S e R S (A ] O
z 3
Y SOF /i/ e % jl SOF
& - . s/ :
S - ! -4 - ettt Z
F E A | /| | E PN
5 80—t T ~ ! I IJJ
- o J/ ')/ iy i H 4
R 7 IR
7O P 1> — 7 y N f 3 30 CI:
E - - A 1 | 1 L
-l PLEN WP V¢ e P el : I ! T3 Lu
0 == Aot » ; —~+— > AQ
- - - &+ - b~ L, -~ 3
E | _ T A1 7 ,jzf,:za’j{/”lF'NE R DING %o | % % u?% 5 -
RO S et imarse i A L AN AN
) o = k. o (e e 1 T T ' =
T e =t ==rT - . ) ) APPROXIMATE EQUIVALENT CIRCULAR OPENING: s
= =-_—=__ - + = t—t -,.r [N ,___1_'__..“.,.,»‘ ».f._.w_ o gt R N 4 1. [EE S S v ,Y_T,;.
o T P B, PR N B ikt PR I | IR " L L i | ! {
325270250200170 150 115 100 80 65 60 4842 35 32282420 16 14 12 10 9:8 7 & 5 4 383 24 YW Ve Yo M i e P2 24

SIEVE SIZE~- TYLER SIEVE SERIES —SQUARE OPENINGS

T m vmnmmhgohmNom;qqggmomnmomonnm:h_aa_;m_q::;«é.qm_
sac 3 BEEESNIEZRARTBRCE 22T ET R RSl Fh=y 520 R83g 5 ¢
MERAGE| 05 .06 08 | L2 34,5 8 8 2 3 .3, 5 8 8 10 .20 30 40 506070 MM
CLEAR | P02 | 003 004 | 006 008 O "oz 03 08 06 08 | 2 3 a € 8 | 14 % 1%2 2% 3INCHES
OPENING

FIGURE |9 ILLUSTRATING THE INFLUENCE OF A CHANGE 1IN PER CENT OF COARSE AGGREGATE ON THE GRADING
CURVE WHEN PI, AIR VOIDS, AND VMA ARE HELD CONSTANT.

© Canadian Technical Asphalt Association 1974



Sey

_ IMIXNO. 5 PI—IISL{: L

o

o

T
|

~AIR \/6|Ds-4%-%

|

iE VMA-|5% ,

lTY AT 140°Fb-
%

 COARSE GRA ‘TQ[NG_

2000 'NORMAL GRADING ©

>
b3

1

{

- WFINE GRADlNGr“ | ><

| 10001

‘HAL;L isTABl

i i
|
|
i .
: | ! i
__v._U) _____ SRS S P SO L
i i i i
0

«;.%; I .

=1 -

-

88

5 o 99 96 B 00

' 1%LAB, COMP SPEC GRAV.

FIGURE 20 ILLUSTRATING NEGLIGIBLE [NFLUENCE ON MARSHALL STABILITY DUE TO A CHARGE IN PER CENT
COARSE AGGREGATE, WHEN Pi, AIR VOIDS, AND VMA ARE KELD CONSTANT.

© Canadian Technical Asphalt Association 1974



9ty

[ABVODS% A

25 H—a
40 X

56 o—o &

N

—-MARSHALL STABILITY AT

FIGURE 24 AT A CONSTANT VMA VALUE MARSHALL STABILITY IS NOT INFLUENCED BY CHAHGING

AIR VOIDS VALUES.

© Canadian Technical Asphalt Association 1974




1
H
f
-
I
i
i
!
i
i

67
62
56

T

w 0!

: |;HIIA i
‘Ui]; I\zl‘.lll
; ’h

]

S===

40 ¥——X
55 o—o

1
i

[
T
T

7
it
o
g

TJ
i ;‘
Tt 1]
| mzu
il
fi
i il Q EW
AIR VOIDS %

:
L

117 lgl I
4
S o
Psas

‘ ul#ﬁ
o —
g i
©

|

i

|

M

|
Pibaet

!

1
e

”

o
i

x_rj T
“0

%
16

L

it

i

HT
NA—

R Ee—=—

AVHD o.u._n_w n__zoo avl %

Q)

437

INCREASES WITH A DECREASE IN AIR VOIDS.

FIGURE 22 AT CONSTANT VMA VALUE EASE OF COMPACTION AT ANY GIVEN COMPACTION TEMPERATURE
© Canadian Technical Asphalt Association 1974



8P

..............................................................................................................................................................

b
13
3

...................

| (FULLER 11-4% o—o
135% 0—o0

AT 140°F~Ib
O

150% e [ 01 F T+

o
3
?

STABILITY

275F

6 i

FIGURE 2% AT A CONSTANT AIR VOIDS VALUE MARSHALL STABILITY INCREASES AS VMA DECREASES.

© Canadian Technical Asphalt Association 1974



S ﬁ#

Tt M STANDARD /

6¢h

| IOOC

T MONTRI

AL3

0/

OP

.S%HALL‘ ‘éTABiLlI\j(AT 140°F—Ib |

,},

|
I

IAIR véms-m
Ne—a /ff
A,W_WINNIPEGl 0/200PEN x4/

j ZOOOLLOYD S/200PEN

oo
| MONTREAL 85/|<)o PEN A—-—-A |

!

FMAR

|

O
\Y

|

|

B

FIGURE 24 1LLUSTRATING THE INFLUENCE OF GRADE AND SOURCE OF ASPHALT CEMENT ON THE MARSHALL STABILITY

OF A GIVEN PAVING MIXTURE.

© Canadian Technical Asphalt Assoc

iation 1974



Ovv

GRADING CHART FOR AGGREGATES AND BITUMINOUS MIXTURES

[ SIEVE SIZE— U S STANDARD SIEVE SERIES — SQUARE OPENINGS

v %2

~
&
it SR

527?0 170140 12010080 70 60 50 45 40 35730 25.20 18 ‘16 14 12 10 8 7 6 5 4 3483 % Y Ve Ve Y T |
FIL l ¢ /'
COARSE FINE
of T ; i l ‘ EOO
" 4 / v [
- MRS - 7 E
i0F ( /{ —3s0
L LocATION /i Y X ¢
i L] O
ZOH?ESYED BY_ _ /‘(/ } 5 180 Z
| j i ! -—
1 7t 1
30— } : +—370 0)
E ] ; i U)
I O B B
8 F t N I
ES ; : i |
s | T a
& F ' o
« . Ao i
Eob ¥ N
g E : : i
g sof y; ! ! '__
w - i H t 4
& R S ok I e e T o o S B
RN ; | | | L Ja0 Z
s Uk i T i t N
e 1 ! | i 13 LIJ
a2 i I 1 1 e
L i ] ] 1 ] b
F t ! ¥ i 330 U
F N 9 S TS I Y ¢ ot
3 7 1 1 i T
g | T B ey T |
3 wln ] 3 ]
: R IRARIEIRE .
; % | T B, P 2% | i
L { L ] | ; 0
‘ APPROXIMATE EQUIVALENT CIRCULAR OPENINGS
-— 0%PASS NO.200 11 T T 1
- N ° ® l | | It \ f
2 353228 2420 16 14 12 10.9 8 7 6 5 4 33 2V % Yo V% %k h 1 Wt 4 W2 2%
SIEVE SIZE—TYLER SIEVE SERIES~SQUARE OPENINGS
e T T 2 F 8 s R0 oL ¥ o L s s E0 25 809398 3.8 o Tdy v oy v a™
T @ » o T ® ) = - N S 3 )
sac 3 BESBSNSEQERAIRBETS 22T ERB R Y B S ode 5938 g8
MERAGE| 05 06 08 4 2 3 4 5 6 8 | 2 3 4. 56 8 10 20 30 40 50 6070 wmm.
CLE 002 003 004 006 .008 .Of 02 03. .04 06 08 I 2 3 4 6 8 |t 1% %2 2k 3INCHES
OPENING
FIGURE ~ 2% FULLER GRADING CURVES FOR VARIQUS PERCENTAGES PASSING NO. 200.

© Canadian Technical Asphalt Association 1974



8474

.
Ib

!

4000 T IMIXNG.20 PI=iT

L STABILITY ATI40F-

|

!

}

__s{_ﬁ__. AlR VOIDS %
] VMA %

200(} |
\\\\\

T T
M

L COMRTEMRZST
;:,30’00__MINERAL DUST% 20 365 80 i

i

2990 5,69 PASS NO. 200 %
... 365%PASSNO.200 0—0 A/ f .
_w80% PASS NO.200 &~

'ge

|
100

FIGURE: 26 LLLUSTRATING INCREASE IN MARSHALL STABILITY WITH AN INCREASE IN PERCENT PASSING NO. 200.

© Canadian Technical Asphalt Associ

iation 1974




(444

T MIXNOS |

......

|

|
b

el T

PI-1I5 COMP 'I__;

|

ABILITY AT 140°

LL ST

i i T .
L‘vL. [
| B y

F

— MINERALDUST% 2:0 514 80.

AC.%
/AIRVOIDS %

VMA%

56 54 56
4| &

| 152151 150
20% PASS NO 260 x|

40

514% PASSNO.200 0——0 - T
| BO%PASS NO 200 Arx ] _ : -

585790 92 94 %

o8 IOO :

) N

. %LAB.COMP. _SPEC.

GRAV.

FIGURE "27 ILLUSTRATING NO INCREASE IN MARSHALL STABILITY FOR AN INCREASE IN PERCENT PASSING NO. 200.

© Canadian Technical Asphalt Association 1974




347

GRADING CHART FOR AGGREGATES AND BITUMINOUS MIXTURES

I

SIEVE SIZE—~ U S STANDARD SIEVE SERIES — SQUARE :OPENINGS

325 270230200170 140 12010080 70 60 50 45 40 35 30 2520 18,1614 1210 B8 7.6 5 3 343 Y Y Lk Y YaTh 1 s kW2 24 3
— huiit iy N Al ; (Y 3 . i i
Fn:?. G -
o ] EINE 50 COARSE I ; FINE COARSE | |
3 T l Dl 1~ T 1 7 7 A W 7 T T '
HFE&?EY SN S S IO SN 27 S N Y /7 / /47 }/.L (A/A i ]
oo 22 MIXN 5 |- N SR WAVA SRV IRV S W
Fooflocamon _ _ _ _ __ _ WVWESE | / 7T / T // L 7 ! i
F o . I R AN L L/ o dodj bbb d
F i Sweieo ey L S ’ S A e ()
20— TESTED BY_ oy - # f—r % Vi i/ /1'/ ,L 380 z
9 /] 3
& - N U I_W ._.___._l 3 / / / ! R L L L ! i3
3 ! A o) ,/ / / / o /{ s Arsr T f a—
ok 1 omm 0— Loy Y 0 JSN T N EE P ¢ p |
o T /r y 717 ) vy 771 T T ™3
2 / / : 3
o E—t __.4,_. . R 4—},../ . ,( 4 % _1‘._:
et H / 4
Z okt 1 z a4 t | ; | L Jeo
g 40— 1 r y; : 7T f i ™ o-
w L | / Ve Y Lot 13
:: Smarts TR S e -5 Jr (v/ _/ .,./1/ A - + L 1( —+- -
% E v L : | . |
3 S0F P2l 7 ! : 1
& 3 ’ 7/ 5 ¢ p
J Ty PASSNO.200:| 71 2
RN S N R ! [ N PN
2 w0k 4 v e
- Eo s 17 - s A4 N il [
E"’ 7l T : 1 i 1 i E E
70 f— e > . é q —330 m
E - - (o] » 3
E |~ /'r L3
el L -1 ¥ } l 7 T 3
80 f—pel S P { e {20
E 7 P i Yl % i 1 3 3 o
4 . - e by 3
_— - E
E C- 1 7 P N0‘2 R
90 4= =4 et 10
Eo - Prc¥ sl e Sl APPROXIMATE EQUIVALENT CIRGULAR OPENING .
- 1 gy e o T - r 1 N Ml LDa ‘ - ‘ ) % 1 B
R £ [ : T [
100,y I ; AT RA RPN G R B 1 T N ! O
2570250200!701501:5 3008065 604842 35 3228 2420 IG 14 12 10 9 8 7 6 5 4 3%3 2% %M Yz Yo ¥ ht W2 24
SIEVE SIZE— TYLER SIEVE SERIES —SQUARE OPENINGS
s | — . — — T ey T
¢ m T @0 0 ™~ 0 O0bh 0 YO T ¢ OO 3 0 ® MO O W N =~ 0 T Ng o~ 4 Y
sac 3 BEEEERIEIGRATIRTIERECRER LY B0 s 23 RR3R ¢
AVERASE! 08 06 08 2 3 a4 &5 8 8 i 2 3 4 56 -8 10 20 30 40 50 6070 .
CLEAR. | Il et g ek b ey by
002 003 004 006 008 O 02 03 04 06 08 I 2 3 4 6 B 1 P4 th %2 2% 3NCHES
QPENING

FIGURE 28 GRADING CURVES ILLUSTRATE REASON FOR NO INCREASE IN MARSHALL STABILITY FOR AN INCREASE IN
PER CENT PASSING NO. 200.
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FIGUREQS ILLUSTRATING THE MATHEMATICS OF ASPHALT CONCRETE PAVING MIXTURE COMPACTION.
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FICLRE 30 ILLUSTRATING INFLUERCE OF TCHMFCRAYL.e RANGE EMPLCYED FOR COMPACTION OF A PAVING MiXTURE
Ol THE COMPACTIVE EFFORT RECUIRED FUR AVERAGE NORMAL GRADIHG.
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FIGURE 31 ILLUSTRATING INFLUENCE OF TEMPERATURE RANGE EMPLOYED FOR COMPACTION OF A PAVING MIXTURE

OW THE COMPACTIVE EFFORT REQUIRED FOR FULLER GRADING.
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FIGURE 32 RAPID REDUCTION OF PERCENT INCREASE IN PAVING MIXTURE D
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FIGURE 33 COOLING RATE OF HOT MiX BEHIND SPREADER ON A WARM DAY.
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FIGURE 34 COOLING RATE OF HOT MIX BEHIND SPREADER ON A COOL DAY.
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FIGURE 35

ILLUSTRATING COMPACTION CHARACTERISTICS OF VARIOUS ROAD BUILDING MATERIALS.
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